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Abstract 
Thermoplastic starch (TPS) has been studied to replace the conventional petroleum-

derived plastics in the last decade for its biodegradability, low production cost, 

availability and is a renewable agricultural resources. However, it has limited 

performance due to its hydrophilic nature, poor mechanical properties and poor long-

term stability. Blending fillers into TPS matrix has shown improvements in the 

mechanical properties of TPS such as cellulose, clay, fiber, fly ash and carbon 

nanotubes for widening the range of their applications. Most of the fillers that have 

been studied are not readily biodegradable or incompatible with the hydrophilic 

characteristic of TPS. Hence, this research aimed to introduce a brand new bio-filler, 

grinded used-coffee-waste into the combination of cassava starch and glycerol via 

solution casting method in order to improve the compatibility between the fillers with 

TPS. Critical mechanical properties of the TPS composites, maximum tensile stress, 

elongation at break and Young’s modulus were evaluated using tensile test machine 

according to ASTM D882-12. Presence of coffee fillers demonstrated sharp 

increments in elongation at break up to 106 % but slight decrement in both maximum 

tensile stress and Young’s modulus with 0.67 MPa and 4.11 MPa respectively. The 

elongation at break of the TPS composites increased with the loading levels of coffee 

fillers from 1 to 5 wt. %, while maximum tensile strength and Young’s modulus 

showed adverse effect with the increase of coffee loading levels.  
 

Keywords: Thermoplastic starch, Coffee-waste-derived fillers, Mechanical properties, 

Solution casting. 
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1. Introduction 

 The daily usage of plastics in the modern society cannot be overlooked due to 

their plentiful applications ranged from food and merchandise packaging industries to 

medical technologies. Plastics not only permit modern lifestyles, it also promotes 

higher standards of living and the overall welfare through the contributions in 

research and innovation. The global annual production of plastics is predicted to 

exceed 300 million tonnes by 2015, as it is subjected to a steady growth for more than 

50 years and a 2.8 % increment from year 2011 to year 2012 [1-2]. The current plastic 

films are derived from petroleum and the non-biodegradable characteristic has 

become their intrinsic deficiency which result in a vast environmental accumulation 

and pollution problem that lasts for centuries. According to the report from 

Environmental Protection Agency (EPA) in United States, plastics has made up 12.4 

% of municipal waste in year 2010, which is accounted for 24 times of the amounts 

generated in year 1960, and only 8.2 % of plastic waste was recovered [3]. 

 Hence, in the last decade, there are increased interests and research efforts on 

developing the biodegradable and renewable plastic films to substitute the petroleum-

based films, which is generally known as bioplastics. A recent report presented by 

Shen et al. [4] revealed that the bioplastics market is gradually growing at a rate of 30 

% annually to capture the plastics market. Starch for this context has becoming a 

promising natural renewable resources to produce bioplastics due to its abundant 

availability, extremely low cost and biodegradable nature. Starch can be obtained 

from a great variety of crops since it is the natural carbohydrate storage materials in 

the form of granules. It composes two structural classes, amylose, the linear poly (α-

1,4-glucopyronosyl) polysaccharide molecules and amylopectin, the branched 

molecules, with abundant of α-1,6-glucopyronosyl linked branch points, as shown in 

figure 1 [5]. There is a vast hydrogen bonds network in starch as it is a multi-hydroxyl 

polymer and hence, starch is not readily to be used as a bioplastic alone. However, it 

poses similar characteristics to the conventional plastics with the addition of suitable 

plasticizers, such as glycerol, sugars and sorbitol, prepared under the conditions of 

high temperature (90-180 ºC) with moderate shearing [6]. This is due to the 

gelatination process that taken place during the mixing of starch with the plasticizer at 

high temperature and the presence of shear. During the process, the bonds of 

hydrogen chains are broken, and the structure of starch molecules are disrupted, 

leading the starch becomes plasticized. 

 The plasticized starch is known as thermoplastic starch (TPS). Utilization of 

suitable plasticizer is critical for the synthesis of TPS. In this context, water is 

reported as a good plasticizer as a gelatinization temperature at a range of 60-70 ºC is 

given by adequate amount of water, particularly 10-30 wt. % with the destruction of 

crystalline organization due to the swelling of the granules in starch [7]. However, 

water is not encouraged to be used as plasticizer solely for its high dependence of 

final properties to the ambient humidity as well as high volatility that produces a 

brittle TPS in return. Glycerol is hence applied in this research for its hydroxyl-rich 

properties and compatibility with cassava starch as its application is successfully 

reported by several studies [8-10]. According to Janssen and Moscicki [11], glycerol 

is the most excellent plasticizer in reducing the friction between starch molecules. In 

addition, it has been generated in a large quantities as the by-products in biofuel 

industries and therefore the utilization of glycerol can address environmental issue 

simultaneously. The ideal ratio of starch to glycerol (w/w) was claimed to be 70:30 
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according to Zullo and Iannace [10]. The same result was presented by Pushpadass el 

al. [12] as the optimal conditions of TPS in terms of tensile strength and Young’s 

modulus are achieved by the addition of 35 wt. % of glycerol. 

 

Figure 1.  Molecular structure of amylose (a) and amylopectin (b) [13]. 

 Despite the potential of starch to be the substitution for conventional plastic 

films, it has limited performance due to its major drawbacks such as hydrophilic 

nature, poor mechanical properties and poor long-term stability. This is because the 

crystalline phases or highly ordered region hindered the binding between the 

plasticizers with the hydroxyl groups, resulting in the TPS matrix tends to retrograde 

after a certain period [14]. Incorporation of foreign body that compatible with the TPS 

matrix is believed to reinforce the films as it has been proven by some of the fillers 

such as cellulose nanofillers, nanoclay and carbon nanotubes.  

 Cellulose nanofillers had brought significant improvement in mechanical 

properties to the reinforced TPS composites by providing good adhesion in the matrix 

[15]. This statement is proven by Martins et al. [16] who used bacterial cellulose 

produced from Acetobacter Xylinum as the reinforcement fillers with the loading level 

from 1 to 5 wt. %. The Young’s modulus and tensile strength increasing with the 

cellulose contents shows 30 times higher than that of non-reinforced TPS. On the 

other hand, TPS composites with the addition of only 0.055 wt. % of multi-walled 

carbon nanotubes (MWCNTs) shows increments of 35 % in ultimate tensile strength, 

up to 70 % in stiffness and 80 % in elongation before failure in a recent works done 

by Famá et al. [17]. MWCNTs achieved good compatibility with the TPS matrix due 

to excellent dispersion and adhesion between the phases as proven by SEM 

micrographs. Another research from Huang et al. [18] reported the improvements in 

mechanical properties of TPS composites with the addition of nanoclay, activated 
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montmorillonite (MMT) minerals. The tensile stress is increased from 4.5 MPa to 

24.9 MPa with the addition of 10 wt% of MMT while the optimum tensile strain, 

134.5 % is achieved by the addition of 5 wt% of MMT. In spite of the potential 

demonstrated by the mentioned fillers in improving the mechanical properties of TPS 

composites, high priced and complex preparation process of the fillers turns out to be 

the major drawbacks which are not economically feasible and hence limit the 

potential of reinforced TPS in substituting the conventional petroleum-based plastics.   

 Grinded coffee waste for this context is considered as a good candidate to be 

utilized as the bio-filler for TPS composite because it is abundant, low cost, 

biodegradable, and is a renewable resource. Spent coffee grounds have become a 

major waste in food industries as 650 kg of spent coffee grounds are produced from 

the processing of one ton of green coffee, leading to an annual generation of 6.0 

million tonnes [19]. Hence, valorization of grinded coffee waste in TPS composites 

can address the environmental issue brought by spent coffee grounds. In addition, the 

constituents of grinded coffee waste, namely carbohydrates (38-42 %), melanoidins 

(23 %), lipids (11-17%), protein (10%), minerals (4.5-4.7 %), caffeine (1.3-2.4 %) 

and etc. show a great potential to share the chemical similarities with starch and hence 

improve the compatibility with TPS [20]. As cellulose and hemicellulose are the main 

ingredients of the formation of carbohydrates due to the polymerization of sugars 

according to Mussato et al. [21], improvement of mechanical properties of TPS 

composites can be estimated by blending in coffee waste, providing that cellulose had 

been proven as an effective filler in the enhancement of properties of TPS. On the 

other hand, melanoidins, the nitrogen-containing brown pigments consist of carboxyl 

group, as shown in Figure 2 as well as numerous hydroxyl groups with sugar derived 

skeleton which are predicted to develop strong hydrogen bonds with starch molecules 

of TPS, and hence improve the compatibility of coffee waste in TPS matrix [22]. 

Another major constituents, lipids consist of three fatty acyl residues with glycerol 

served as the backbone for the molecules [23]. As glycerol is an effective plasticizer 

for TPS, lipids are assumed to exhibit good interaction with the starch molecules in 

TPS matrix. 

 

Figure 2. Carbohydrate-based melanoidin structure [24]. 
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2. Experimental  

2.1 Materials 

 The cassava starch, normally denoted as tapioca starch that containing around 

17 % of amylose was purchased from SCS Food Manufacturing Sdn. Bhd. and 

utilized as the main ingredient for the preparation of TPS. Tapioca is abundantly 

cultivated in Malaysia and hence cassava starch was served as the native starch in this 

research in order to reduce the feedstock cost. The plasticizer, glycerol with 98 % of 

purity was purchased from R & M Marketing (Essex, U.K) and it was used without 

pre-treatment or further purification [25]. The grinded coffee waste was kindly 

supplied by Starbucks Sdn. Bhd. in Taylor’s Lakeside Campus for the convenient 

purpose. The grinded coffee waste was washed with distilled water to remove 

impurities and dried in oven with 70 ºC for 24 hours until a constant weight was 

obtained and sieved with a sieve shaker to obtain a particle size of 500 µm. The dried 

starch and grinded coffee waste were kept in desiccator prior to use. 

2.2 Design of Experiments 

 The research was mainly based on experimental and quantitative study. 

Experiments were carried out with respect to two different parameters, namely, 

loading level of glycerol and grinded coffee waste filler. Full factorial design was 

applied for this context as the parameters were manipulated into three different levels, 

namely low, medium and high. Consequently, there were altogether 9 runs for the 

experiments according to 3
2
 full factorial design. The loading level of glycerol was 

ranged from 40 to 60 wt. % as this particular loading level of glycerol was believed to 

produce the desirable properties of TPS [7], [9], [26]. The loading level of coffee 

filler on the other hand was ranged from 1 to 5 wt. %. This range was set according to 

the similar research works as grinded coffee waste was a novel filler [8], [27]. Three 

replicates were tested for each experiments to get the average results in order to 

increase the accuracy. The composition of each formulation and controlled sample is 

as shown in Table 1.  

Table 1. Formulation of TPS/grinded coffee waste filler composites. 

Formulation Loading level of 

glycerol (wt. %) 

Loading level of 

coffee filler (wt. %) 

TPS 50 0 

T1-1 40 1.0 

T1-2 40 3.0 

T1-3 40 5.0 

T2-1 50 1.0 

T2-2 50 3.0 

T2-3 50 5.0 

T3-1 60 1.0 

T3-2 60 3.0 

T3-3 60 5.0 

2.3 Preparation of TPS/coffee-waste-derived Fillers Composites Films 
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 TPS composites films were prepared using solution casting method. 20 g of 

cassava starch was added into 800 ml of distilled water with 40, 50 and 60 wt. % of 

glycerol and 1, 3 and 5 wt. % of coffee waste fillers according to the corresponding 

run of experiments. The suspensions were heated at 70 ºC and 800 rpm using 

magnetic plate stirrer (SMHA-3 WiseStir) for 1 hour. The suspensions were then 

poured into Teflon-coated carbon steel plates and left to dry in the oven at 70 ºC for 

24 hours in order to obtain the TPS composites films. The TPS composites films were 

left to cool until room temperature and kept in polyethylene zip lock bags with silica 

gels for further testing purpose. 

2.4 Tensile Testing of TPS Composites Films 

 Maximum tensile strength, elongation at break and Young’s modulus of the 

TPS composites films were determined using Tensile Tester Machine STM-SERVO 

according to ASTM D882-12 (Standard Test Method for Tensile Properties of Thin 

Plastic Sheeting) with a 5 kN load cell. During the tensile test, the specimens were 

gripped at one end of the tensile testing machine and pulled until failure with a 

crosshead speed of 50 mm/min, as suggested by ISO 527 standards (1993). Before 

testing, the TPS composites films were cut into strips with dimension of 8 x 5 mm 

while the thickness of the specimens were measured using a digital micrometer. The 

original gauge length, L0 was set as 6 mm and the cross-sectional area of the 

specimens was calculated and recorded in order to obtain the load per unit area of the 

specimens. 

3. Results and Discussion 

3.1 Tensile Testing 

 The results of vital mechanical properties, maximum tensile stress, Young’s 

modulus and elongation at break obtained from tensile testing are tabulated using 

graphical method with boxplots to indicate the standard deviations of the data, as 

shown from Figure 3 to 5. Dotted lines in the graphs show the mean reading given by 

controlled samples for comparison purpose. Based on Figure 3, the incorporation of 

grinded coffee waste into TPS matrix did not exhibit a positive effect in enhancing the 

maximum tensile stress as the results given by most of the TPS/coffee filler 

composites were slightly lower than the controlled samples. However, TPS 

composites with the lowest loadings of coffee filler and glycerol, T1-1 yielded an 

increase in maximum tensile stress up to 0.95 MPa. Hence, it could be considered as 

the optimum loading levels for both the coffee filler and glycerol in terms of 

enhancing the maximum tensile stress of TPS composites. In contrary, TPS 

composites with the highest loadings of coffee filler and glycerol, T3-3 demonstrated 

the lowest maximum tensile strength, 0.21 MPa. This result is in concordance with the 

studies performed by Hietala et al. [28] that revealed aggregates of the filler, cellulose 

nanofibres in the TPS matrix when the loadings were higher than the optimum level, 

leading to the decline in tensile strength. In addition, it can be observed that the 

results showed an adverse effect by increasing the loading level of coffee fillers from 

1 to 5 wt. %, regardless of the loading level of glycerol. Therefore, lower loading 

level of coffee filler was preferable to increase the maximum tensile strength of TPS 

composites. The effect given by the loading level of glycerol on the other hand was 



eureca 2015 – Conference Paper                                                                                                                           

Paper Number 2CE6 

 

7 

 

not noteworthy as similar trend of results were obtained at different loadings of 

glycerol. 

 
Figure 3. Maximum tensile stress of various formulations. 

 According to Figure 4, the trend of results in Young’s modulus was very 

similar to that of maximum tensile stress as previously observed. Presence of grinded 

coffee waste fillers brought down the Young’s modulus of TPS composites likewise. 

Similar to that of maximum tensile stress, formulation with the highest loadings of 

coffee filler and glycerol, T3-3 exhibited the lowest Young’s modulus, which is 0.33 

MPa. Formulation with the lowest loadings of coffee filler and glycerol, T1-1 again 

demonstrated an increase in Young’s modulus up to 8.01 MPa, and hence proving that 

the optimum level of loadings of coffee filler and glycerol had been achieved. 

Conversely, no specific trend was observed for the effect of increasing the loadings of 

coffee filler and glycerol in Young’s modulus by only observing Figure 4. Hence, 

further analysis that required to study the effect of individual factors to the responses 

in detail would be required. 
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Figure 4. Young’s modulus of various formulations. 

 It was clearly evident from Figure 5 that blending of grinded coffee waste 

filler enhanced the elongation at break of TPS composites since all formulations 

demonstrated an increase in elongation at break compared to the controlled samples. 

Generally, the reduction in elongation at break is very common for polymer 

reinforcement as it is inversely related with tensile strength [13]. Incorporation of 

coffee fillers into TPS matrix demonstrated this phenomenon in the other way round, 

whereby the results showed enhancement in elongation at break of the materials with 

the decrement of maximum tensile stress. Based on Figure 5, highest elongation at 

break that up to 140 % was exhibited by the formulation T2-3 while the lowest 

elongation at break with the value of 42 % was given by the formulation T3-2. As the 

standard deviation of the data was so huge and no specific trend could be observed 

from the results with just based on Figure 5, main effects plot is required to further 

justify the effects of loadings of coffee fillers and glycerol in the enhancement of 

elongation at break of TPS composites. 
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Figure 5. Elongation at break of various formulations. 

 In order to comprehend the significance of each factors contributing in the 

mechanical properties of TPS composites, Minitab 17 software was employed in this 

research to further analyse the individual effects of loadings of coffee filler and 

glycerol by plotting main effects plots as shown from Figure 6 to 8. Based on Figure 

6, it could be observed that the optimum loadings of coffee fillers in enhancing the 

maximum tensile stress was only 1 wt. %. Maximum tensile stress decreased 

significantly when the loadings of coffee filler increased from 1 to 5 wt. %. The 

results obtained were not preferable as the maximum tensile stress lies between the 

ranges of 0.3 to 0.4 MPa, which were lower than that of controlled sample. Similarly, 

the main effect plots for Young’s modulus as shown in Figure 7 showed the same 

trend of graphs with that of maximum tensile strength. Increasing the loadings of 

coffee fillers from 1 to 5 wt. % again demonstrated adverse effect to the Young’s 

modulus as the values were lower than the controlled sample by around 75%.  

 As this research was only served as a preliminary study for the effect of 

introduction of coffee filler into TPS films, the particle size of coffee fillers was 

remained as micron scale instead of nano scale, which was 33 times larger than that of 

cassava starch. The large particle size of coffee fillers might have impeded the 

embedment of the fillers in TPS matrix and hence worsen the mechanical properties 

of TPS composites in terms of maximum tensile strength and Young’s modulus. The 

large particle size of coffee filler inevitably caused uneven distribution of the 

materials in the TPS matrix, which in turns influenced the hydrogen bonding between 

the starch granules and the fillers. The compatibility of coffee filler with TPS matrix 

for the context of degree of adhesion and dispersion has to be further analysed using 

SEM. It was very common to obtain a negative result for the introduction of brand 

new filler into TPS films, whereby the incorporation of fly ash, a brand new filler 

showed incompatibility with the hydrophilic characteristic of TPS, proven to worsen 

the mechanical properties of TPS composite with the research performed by Ma et al. 

[29].  

 On the other hand, the optimum loadings of glycerol was 40 wt. % in 

improving the maximum tensile stress as well as Young’s modulus according to 

Figure 6 and 7 respectively. The maximum tensile stress and Young’s modulus of the 

TPS composites decreased significantly with increasing concentrations of glycerol 

from 40 to 60 wt. %. The results is in concordance with the studies performed by 

Pushpadass et al. [30] in which the tensile strength and Young’s modulus declined 

with the increasing of glycerol concentrations in TPS/LDPE composites. The higher 

loadings of glycerol in TPS/coffee filler composites might form a weak boundary 

layer between starch and coffee fillers due to phase separation of starch [30]. 

Increased of free volume in the TPS composites network due to the increasing 

loadings of glycerol leading to poor interactions between the starch chains as well, 

attributed to the decreasing values of maximum tensile stress and Young’s modulus 

[31]. 
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Figure 6. Main effects plot for maximum tensile stress. 

 

Figure 7. Main effects plot for Young’s modulus. 

 Based on Figure 8, elongation at break of the TPS films were subjected to a 

slight increment when the concentration of glycerol was increased from 40 to 50 wt. 

% after which it dropped drastically when the concentration was further increased to 

60 wt. %. Hence, the optimum loadings of glycerol was 50 wt. % and it started to 

exhibit adverse effect when it went beyond this threshold limit. Glycerol for this 

context was observed as a good plasticizer making the TPS films less brittle. Besides, 

it could be clearly seen that the elongation at break of TPS/coffee fillers composites 

increased significantly with the increasing of loadings of coffee fillers from 1 to 5 wt. 

%, with 5 wt. % as the optimum loading level. The introduction of coffee fillers in 

TPS composites was more prominent in increasing the elasticity of the materials 

rather than tensile strength and Young’s modulus. The constituents of spent coffee 

grounds might have led to this behaviour due to the interactions between the lipids 

contents with the TPS matrix. As glycerol acted as the backbones of lipids molecules 

in coffee waste and at the same time a good plasticizer in increasing the ductility of 
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TPS composites, the lipids contents in coffee waste served as the main contributor for 

this behaviour to be observed [23].  

 

Figure 8. Main effects plot for elongation at break. 

4. Conclusions 

 Incorporation of brand new bio-filler, grinded coffee waste filler into TPS 

composites films were successfully synthesised via solution casting method with 

various loadings of coffee fillers and glycerol. The critical mechanical properties, 

maximum tensile stress, Young’s modulus and elongation at break of TPS/coffee-

waste-derived fillers composites were evaluated in compliance with international 

standards as well as compared with non-reinforced control samples to analyse the 

individual effects of coffee fillers and glycerol on the TPS. 

 Presence of coffee filler greatly improved the elongation at break accompanied 

with slight decrement in maximum tensile stress and Young’s modulus of the TPS 

composites. The elongation at break were increased to a maximum of 140 %, while 

the maximum tensile stress and Young’s modulus were declined to 0.21 MPa and 

0.37 MPa respectively. However, the positive effect exhibited by coffee filler alone in 

enhancing the elongation at break of the TPS films showed the potential in producing 

an elastic material for certain applications such as plastic wrap, simple packaging 

materials for one time usage and etc. Large particle sizes of coffee fillers might be the 

main contributor to the decrement in both the tensile strength and Young’s modulus. 

The individual effect of loadings of glycerol on the other hand was insignificant for 

both maximum tensile stress and Young’s modulus, but the elongation an break was 

improved with increasing loading of glycerol up to 50 wt. % after which adverse 

changes were observed when the loading was further increased to 60 wt. %. The 

optimum loadings of coffee fillers and glycerol were found to be 1 wt. % and 40 wt. 

% respectively in enhancing the mechanical properties of TPS composites as the 

formulation with this loading level exhibited improved mechanical properties as 

compared to non-reinforced control samples. 

 As this research was only designed to serve as the preliminary study of 

mechanical properties in TPS/coffee-waste-derived composites, it is expected to 

provide with only the initial studies on the effect of the introduction of coffee fillers in 

TPS for more detailed research to be carried out in future. The research could be 
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improved to give more reliable results by producing nano scale coffee waste fillers 

using planetary ball mile, preceding to the usage for synthesis of TPS composites 

films. It is suggested to extract the lipids contents of the spent coffee grounds prior to 

the milling process as clusters of coffee waste could be formed as a result of the 

vibration and heat generated during the process. Due to the potential of lipids contents 

of grinded coffee waste in enhancing the elongation at break of the TPS composites, 

the extracted lipids are necessarily to be transferred back to the nano scale coffee 

waste fillers for the research purposes. Apart from this, another research that focus on 

the assessment of water vapour permeation, thermo-mechanical properties and 

biodegradability of TPS/ coffee fillers composites could be carried out in future in 

order to further justify the long-term stability of the materials, and hence the 

applicability in domestic and commercial fields. 
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