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Biodegradation Study of a Novel Poly-Caprolactone-Coffee Husk Composite Film
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Plastic disposal is a worldwide issue due to its long degradation time. Environmentally degradable 
polymers (EDPs) have received considerable attention because of their faster degradation. However, the 
use of EDPs is limited by high cost and restricted properties. The incorporation of organic fillers is an 
alternative to reduce cost while increasing biodegradation. Poly-caprolactone (PCL) is a biodegradable 
polyester compatible with organic fillers. Coffee husk (CH) is a sub-product of coffee processing 
with potential use as organic filler. We prepared a novel PCL-CH composite film and investigated the 
effects of CH incorporation on the biodegradation of PCL. Biodegradation study was carried out in 
soil for 120 days, and evaluated by weight loss measurements. Additionally, soil microbiological and 
granulometric analyses were performed. Bacteria and fungi were found in the soil that was classified 
as sandy. The composite film degraded twice faster than PCL film probably due to the adhesion of 
microorganisms on the coffee husk.
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1. Introduction
Currently, plastics market is in constant expansion due to 

the wide field of application of these materials. According to 
the ABIPLAST (Brazilian Association of Plastic Industry), 
in 2013, 299 millions of tons of plastic were produced 
around the world and it is expected an increase trend for the 
next years. Plastic production in Brazil was approximately 
6 millions of tons in 20131. However, the disposal of this 
material still is a challenge due to its stability/long period of 
degradation2. Recycling can reduce the plastic disposal in the 
environment. Nevertheless, only 22% of all post-consumer 
plastic discarded was recycled in Brazil¹.

It is in this context, the use of environmentally degradable 
polymers (EDPs) is an alternative for reducing the degradation 
time of plastic materials3. Although EDPs have already been 
marketed, their applications are still limited due to the high 
cost and limited properties when compared to conventional 
polymers. The use of biodegradable-conventional polymer 
blends is one of the strategies to overcome these difficulties. 
Moreover, the use of organic fillers, such as vegetable fibers, 
in polymeric matrices is also an alternative to increase 
biodegradability as well as reduce the cost of the final 
product4-7. However, the adhesion between polymer-polymer 
and/or polymer-filler is often an issue that can impair in the 
final material properties.

Among the available EDPs, poly-caprolactone (PCL) 
has attracted interest in the substitution of conventional 
polymers because it is one of the few synthetic polymers 
that is biodegradable8. The biodegradability of PCL is due 

to its chemical structure: a linear aliphatic polyester, which 
is hydrolysable at the ester linkage, allowing for chain 
scission. This allows for degradation by microorganism 
that utilize PCL as carbon/energy source, generating carbon 
dioxide and causing weight loss8. Moreover, processing 
ability of PCL by extrusion as well as its compatibility with 
other materials, make it an attractive polymer for several 
applications8,9. PCL-starch blends have been studied and the 
effects of starch on mechanical properties and biodegradation 
time were evaluated10-13. In addition, PCL-natural-organic 
fillers (eggshell, coconut, abaca, kenaf, seaweed, rice 
straw, sisal) composites have also been investigated2,14-20. 
The advantages of using natural-organic fillers include 
low cost, high abundance and low density2. Coffee husk 
(CH) is a fibrous mucilaginous sub-product of coffee dry 
processing21 and represents about 50% of the coffee bean 
weight22. Due to the presence of caffeine, tannins and other 
organic compounds, coffee husk is toxic for feeding, but 
has been used as fertilizer, stall bedding, flux in ceramic 
tiles, biomass and for water purification22-25. However, as 
world’s annual coffee production is about 8.5 tons, only 
a small fraction of available coffee husk is used for these 
listed applications26. Thus, this material has great potential 
as natural-organic filler to be incorporate in polymer matrix 
due to its abundancy and low cost.

The aim of this study was to investigate the biodegradability 
of a new PCL-coffee husk composite film for potential 
application as EDP. Macroscopic, visual and thermal analyses 
were performed to evaluate coffee husk incorporation in PCL 
matrix. Moreover, biodegradation in soil was evaluated for 
120 days by weight loss measurements, and particle size and 
microbiological analyses were carried out to characterize the soil.
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2. Materials and methods

2.1. Preparation of the Films
Poly-caprolactone (Mn ~ 80,000) was purchased from 

Sigma-Aldrich (USA). A local farmer (Andradas-MG/
Brazil) gently supplied coffee (Coffea arabica) husk. The 
composites were prepared by incorporation of coffee husk 
(CH) into PCL matrix. Briefly, CH was previously dried in 
an oven at 105 ºC for 24 hours. Then, the dried husk was 
grinded and sieved in a 200mesh sieve. PCL by itself and 
with different concentrations (1.0 and 5.0% w/w) of coffee 
husk was continuously extruded in a micro single screw 
extruder (AX®) at 100 ºC. After extrusion, the extrudates 
were cold in a water bath at room temperature and cut in 
pellet shape. Pellet samples of 1g of each formulation were 
heat pressed at 100 ºC in order to prepare PCL, PCL1CH 
and PCL5CH films.

2.2. Macroscopic Analysis
Macroscopic analysis of composite films as prepared were 

carried out to evaluate color, filler dispersion (uniformity), 
opacity and flexibility. Flexibility was qualitatively measured 
by the ability of handling the film at different directions 
without compromising its physical integrity. In addition, 
after 120 days of biodegradation, flexibility and physical 
integrity of the films were also analyzed.

2.3. Visual Analysis
Visual analysis of PCL and PCL-CH composite films was 

carried out in a Stereoscope (Olympus) to evaluate the filler 
incorporation in the polymeric matrix. In addition, photographs 
of films were taken after each period of biodegradation.

2.4. Thermal Analysis
Differential Scanning Calorimetry (DSC) was performed 

on a DSC 2920 (TA Instruments) in order to identify the 
melting temperature (Tm) and enthalpy of fusion (ΔHm) of 
each sample analyzed (PCL, PCL1CH and PCL5CH films). 
Each film was previously dried in a desiccator for 24 hours 
and cut in small pieces to obtain about 200 mg of sample. 
Then, the sample was heated in a platinum DSC pan from 
30°C up to 120° C, at heating rate 10°C min-1, under nitrogen 
atmosphere. Average of duplicates was used to determine the 
melting temperature and the enthalpy of fusion of each film. 
Furthermore, the crystallinity degree (Xc) was estimated by 
the following equation27:

2.5. Soil Characterization
Particle size distribution and microbiological analyses 

of the soil were performed before it has been used for 
biodegradation study. Granulometric analysis was carried 
out according to NBR 6457 (1986)28 and NBR 7181 (1984)29. 
The percentage of humidity was calculated by the weight 
difference before (m1) and after (m2) drying the soil at 105⁰C 
for 24 hours, divided by the dried soil mass (Equation 2). 
Average of triplicates was used to determine the percentage 
of humidity.
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Where:
    h: Percentage of humidity

    m1: Mass of wet soil

    m2: Mass of dried soil

2.6. Microbiological Analyses
Microbiological analyses of soil were performed according 

to Silva et al. (2010) methodology30. Briefly, the Total Viable 
Count (TVC) technique was used to count the microorganism 
population in the soil by the pour plate technique in sterile 
plate count agar (PCA). For mold and yeast counting, surface 
plate technique in Sabouraud broth with chloramphenicol 
was carried out. Results for each dilution were expressed in 
CFU/ml. Total coliforms, thermophili coliforms and E. coli 
numbers were counted by the most probable number (MPN) 
methodology using Lauryl tryptose (LSB) broth. Results 
were expressed in MPN/ml for each dilution.

2.7. Biodegradation study
For biodegradation study, films were cut in 1 cm2, washed 

with 70% ethanol and dried in a desiccator until constant 
weight for determination of the initial mass (Mi). Then, 12 
samples of each formulation were buried in the soil (city 
of Andradas/MG, Brazil) to a depth of 3 to 5 cm. After 30 
days, 3 samples of each formulation were taken from the 
soil, washed with 70% ethanol and placed in a desiccator 
until constant weight to determine the final mass (Mf). This 
procedure was repeated every 30 days until 120 days of study. 
Average of triplicates was used to determine the percentage 
of weight loss, according to the following Equation 3:
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Where:
    Mi: mass at day 0

    Mf: mass at day Y

     Y: is the period after biodegradation (30, 60, 90 and 120)
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In order to determine the statistical significance of the 
difference in the weight loss, ANOVA and Tukey’s honestly 
significant difference methods were used. For all experiments, 
p < 0.05 was considered significant.

3. Results and discussion

3.1. Macroscopic and Visual Analyses
PCL-coffee husk composite films were prepared by 

incorporation of 1.0 and 5.0% (w/w) of filler (samples 
PCL1CH and PCL5CH, respectively) in the polymeric 
matrix. Table 1 summarizes the macroscopic examination 
of PCL and PCL-CH composite films as prepared.

results and crystallinity degree of composites are shown in 
Table 2. The fusion enthalpy of 100% crystalline PCL () 
used for calculation was 135 Jg-1, as reported by Nagata and 
Yamamoto (2009)31. PCL is a thermoplastic semi crystalline 
polymer and is soluble in many solvents. It has low melting 
temperature and crystallizes at room temperature32. Simon et al. 
(2007) reported that crystallization of PCL is only influenced 
by composite composition and crystallization temperature32.

According to Table 2, the incorporation of coffee husk in PCL 
matrix has not significantly changed the melting temperatures 
of the composites. Similar result was found by Neppalli et 
al. (2011) that found no differences in melting temperature 
between the PCL matrix and PCL-organoclay composites (1.0, 
3.0 and 5.0% w/w) prepared by casting technique33. Leite et al. 
(2010) have studied the incorporation of coconut fiber in PCL 
matrix and did not reported changes on melting temperature 
of 99%PCL-1% coconut fiber composite16. Regarding to the 
enthalpy of fusion, in comparison to PCL, PCL1CH fusion 
enthalpy was slightly increased, while a considerably increased 
fusion enthalpy was found for PCL5CH. In respect to the 
degree of crystallinity, it was expected that CH incorporation 
in the PCL matrix would increase composites crystallinity, 
because filler particles can act as nucleation agents. However, 
only PCL5CH showed significant increase on the degree of 
crystallinity. This suggest that the aspect ratio of PCL-coffee 
husk plays an important role on the crystalline morphology 
of the polymer matrix. Miltner et al. (2010) reported that 
the crystalline/amorphous interface of PCL-nanoparticles 
composites was related to aspect ratio, dispersion quality, 
and polymer-filler contact surface provided34. In addition, 
Neppali et al. (2011) argued that the quantity and dispersion 
of this filler is key in tuning its nucleating effect, since the 
presence of dispersed filler can even slow down the crystal 
growth rate33. Therefore, as observed in the visual analysis 
(Figure 1), coffee husk was better dispersed in PCL1CH than 
in PCL5CH, what may also explain similar crystallinities 
found PCL and PCL1CH.

3.3. Biodegradation study
Crystallinity often controls the biodegradation rate of 

polymers, because biodegradation preferentially occurs in the 
amorphous domains of the polymeric matrix33. Biodegradation 
study of PCL-coffee husk composites was carried out in 
soil for 120 days. Figure 2 shows the photographs of PCL, 
PCL1CH and PCL5CH before and after each period of the 
biodegradation study. As expected, higher decomposition 
was associated to the increase of the coffee husk amount 
and time of biodegradation.

Table 1: Macroscopic examination of PCL film and PCL-coffee 
husk composite films.

Sample Color Uniformity Opacity Flexibility

PCL White XXX X XXX

PCL1CH Beige XX XX XXX

PCL5CH Brown X XXX XX
X: low; XX: medium; XXX: high.

PCL forms flexible and uniform films. However, addition 
of filler can compromise its flexibility. After 1.0% of CH 
addition, no significant difference on flexibility was observed 
for PCL1CH composite film when compared to PCL film. 
Nevertheless, PCL5CH composite film was slightly less flexible 
than PCL and PCL1CH films. Visual analysis was carried 
out in a stereoscope to support macroscopic examination of 
samples. Figure 1 shows the photographs (25x magnification) 
of films as prepared. PCL is a crystalline polymer and forms 
white and opaque film by heated pressing. As expected, after 
CH addition, darker films were obtained due to the brown 
color of dried coffee husk. In addition, higher the percentage 
of coffee husk added to PCL matrix, darker was the color 
displayed by the composite film. It also can be observed 
better dispersion of filler in the matrix in the PCL1CH 
composite film when compared to PCL5CH. Coffee husk 
agglomeration was observed in PCL5CH composite film, 
compromising the uniformity of this sample.

3.2. Thermal Analysis
Melting temperature and fusion enthalpy are important 

parameters to estimate crystallinity degree of polymers. DSC 

Figure 1: Photographs of films: (a) PCL, (b) PCL1CH and (c) PCL5CH.
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Table 2: Melting temperature, fusion enthalpy and crystallinity 
degree of PCL and PCL-coffee husk composite films.

Sample Tm (°C) ΔH (J/g) Xc (%)

PCL 60.95 59.47 43.73

PCL1CH 60.81 60.76 45.13

PCL5CH 59.30 68.17 52.76

Figure 2: Photographs of PCL, PCL1CH and PCL5CH films during the biodegradation test.

In relation to the macroscopic analysis of samples after 
120 days of biodegradation, the physical integrity of films 
were preserved, expect for the PCL5CH composite film that 
was cracked. Moreover, all films were more brittle (less 
flexible) after biodegradation. It indicates a reduction in 

the amorphous phase of PCL matrix and, consequently, an 
increase in the degree of crystallinity of the films. Leite et al. 
(2010) also reported an increase in the crystallinity degree 
of PCL and PCL-coconut fiber composites after 17 weeks 
of biodegradation16. Indeed, microorganisms preferably 
degrade amorphous domains of the polymeric matrix 
because of the easy access to these regions16. The presence 
of microorganisms can be observed in all films since 60 days 
of biodegradation (Figure 2). However, photographs at 120 
days show higher amount of microorganisms on the surface 
of the composite films PCL1CH and PCL5CH in comparison 
to PCL. According to Lo Re et al. (2013), natural fibers can 
promote bacterial adhesion on composites and accelerate the 
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Table 3: Percentage of weight loss of films during the period of 
biodegradation.

Sample
Percentage of weight loss (%)

30 days 60 days 90 days 120 days

PCL 1.56 ± 0.25A 2.56 ± 0.08A 4.53 ± 1.76A 6.18 ± 1.41A

PCL1CH 1.90 ± 0.10A 4.96 ± 0.73B 9.14 ± 0.61B 13.96 ± 2.16B

PCL5CH 3.25 ± 0.54B 7.45 ± 1.67B 11.60 ± 1.21B 14.80 ± 2.69B

Different letters means significantly different results (Tukey test p > 0.05).

Table 4: Total Viable Count (TVC) and Most Probable Number 
(MPN) results.

Microorganisms Counting

Total microbial load 5.4 x 105 CFU/ml

Molds and Yeasts 1.6 x 104 CFU/ml

Total coliforms load > 1.1 x 103 MPN/ml

Thermophile coliforms > 1.1 x 103 MPN/ml

Escherichia coli > 1.1 x 103 MPN/ml

Figure 3: Granulometric structure of the soil.

biodegradation rate2. The authors also reported that higher 
surface roughness increases biodegradation by providing 
more sites for bacterial colonies settling and proliferation2. 
The biodegradation rate of films was evaluated by weight loss 
measurements. Table 3 summarizes the weight loss of films 
during the period of biodegradation. Weight loss measurements 
confirmed visual analysis results. After 30 days, PCL5CH 
composite film showed higher percentage of weight loss than 
PCL and PCL1CH films. It can be attributed to the higher 
amount of coffee husk in this film. However, from 60 to 120 
days of biodegradation, the composites films PCL1CH and 
PCL5CH showed similar percentage of weight loss. This 
analogous biodegradation performance suggests that the 
presence of coffee husk can accelerate PCL biodegradation. 
Actually, the percentage of weight loss of the composites 
films PCL1CH and PCL5CH at these periods (60, 90 and 
120 days) was about twice of PCL film. Moreover, except 
for 30 days of biodegradation, the percentage of weight loss 
of both composites films was higher than the percentage of 
coffee husk in the composite film. This indicates polymeric 
matrix (PCL) biodegradation in place of coffee husk, which 
serves as support for microorganisms’ adhesion2.

3.4. Soil Characterization
Soil plays an important role for biodegradation. Temperature, 

humidity, chemical composition, pH, geographical position 
and microbiological activity of soil are crucial parameters for 
polymer biodegradation35. Therefore, we characterized the 
soil used for biodegradation study according to the percentage 
of humidity, particle size distribution and microbiological 
counting. The soil percentage of humidity, calculated by 
Eq. 2, was 18.28%. Soil percentage of humidity is affected 
by weather conditions (temperature and rainfall), irrigation 
and composition/particle size distribution, which determine 
the water-holding capacity of the soil35.

3.5. Particle size distribution
Particle size plays an important role for soil porosity, 

which directly affects the water amount that penetrates in 
the soil, the gas exchange rates and the heat transfer rates35. 
Granulometric structure of soil is shown in Figure 3. As 
it can be observed, size distribution of particles was 24% 
clay and silt, 65% sand (12% fine, 28% medium and 25% 
coarse) and 11% gravel. Therefore, the soil was classified as 
sandy29. Gas exchange rate in sandy soils is high due to the 
porosity of this type of soil. Thus, aerobic microorganisms 
are expected to be found.

3.6. Microbiological analyses
Bacteria, fungi and protozoa constitute microbial community 

of soil, but bacteria are found in higher numbers36. In comparison 
to molds, which are mostly aerobic microorganisms, bacteria 
have better chances of colonization, due to their capability 
of growing in both aerobic and anaerobic environments, 
at a wide range of temperature37. Bacteria and fungi can 
degrade biodegradable polymers. Therefore, we quantitatively 
estimated the bacterial and fungal populations in the soil 
used for biodegradation study of PCL and PCL-coffee husk 
composite films. Table 4 summarizes the TVC and MPN 
counting procedures results.

As expected, bacteria and fungi were found in substantial 
amounts in the soil. However, the number of bacterial colony 
forming units was superior to fungal CFU. In addition, 
Escherichia coli was identified by MPN counting procedure. 
Mukherjee and Chatterjee (2014) showed E. coli (isolated 
from hydrocarbon effluent enriched soil) ability to degrade 
plastic bags in laboratory conditions38. Lo Re et al. (2013) 
studied the degradation of mater-bi®/kenaf fiber composites 
in compost and identified Staphylococci aggregates on the 
composite surface2. The authors attributed the presence of 
Staphylococci to the high extracellular lignocellulolytic 
activity of this bacteria type2. Although we have only 
identified E. coli bacterium, we suggest that several other 
bacterial types are present in the analyzed soil due to its 
composition, humidity and total microbial load.
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4. Conclusions
We successfully demonstrated the incorporation of 

coffee husk in the PCL matrix by preparing PCL-coffee 
husk composite films. The incorporation of coffee husk has 
multiples roles: (i) it works as organic filler in the polymeric 
matrix; (ii) it serves as support for microorganisms’ adhesion; 
(iii) it increases the polymeric biodegradation rate; (iv) it 
reuses a sub-product of dry coffee processing; and (v) it 
reduces the final cost of the polymeric composite. Therefore, 
this composite has potential application as EDP material.
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