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Behavior in Simulated Soil of Recycled Expanded Polystyrene/Waste Cotton Composites
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Composites consisting of waste cotton yarn (CF) from the textile industry and postconsumer 
expanded polystyrene (EPS) was followed during 90 days of exposure in simulated soil. The mechanical 
properties, morphologies and chemical natures of the composites were determined before and after 
exposure in simulated soil. The composites were made using a single-screw extrusion, a twin-screw 
extrusion and injection molding. The composites showed an increase of the mechanical properties 
nearly 50% in relation to the recycled expanded polystyrene (rEPS). After exposure in simulated soil 
the composites presented losses of mechanical properties. Evidence of the oxidation of the samples was 
demonstrated by the increase in the values of the carbonyl index after 30 days of exposure in simulated 
soil. Changes in the color of the surface of the sample were observed after 90 days of exposure and 
are due to the fungi and bacteria colonization on the surface.
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1. Introduction
The use of raw materials from renewable resources 

has attracted academic and technological interest because 
of its great potential to replace materials such as fiberglass, 
which is traditionally used in the manufacture of composites. 
Brazil, which is one of the most bio-diverse countries on the 
planet, ranks high in the production of vegetable fibers, such 
as sisal, ramie, jute, and cotton, among others1. In addition to 
being a good economic practice, the use of natural fibers can 
also reduce the use of products are difficult to decompose2,3.

The use of vegetable fibers as a reinforcement in 
composite materials boasts a number of advantages: 
a great potential to improve the performance of the 
polymers in technological applications4,5, a lessening of 
the environmental impact of its production6, relatively 
low costs, the abundance of such fibers, and the potential 
biodegradability under suitable environmental conditions4,5. 
The incorporation of vegetable fibers as a reinforcement 
in thermoplastics has been studied and has been found 
to increase the modulus of elasticity and the mechanical 
strength, reduce the weight of the final product, and change 
the degradation characteristics of the composite7. The use of 
vegetable fibers combines good mechanical properties with 
lower densities and good dimensional stability8.

Vegetable fibers are hydrophilic and usually 
incompatible with hydrophobic polymeric matrices9. To 
overcome this problem, treatment of the fibers and/or the 

use of coupling agents whose function is to increase the 
interaction between the matrix and the reinforcement, is 
required. These solutions allow for the efficient wetting 
of the fiber-matrix, improving the adhesion between the 
reinforcement and the matrix10. The incompatibility of the 
components is responsible for the low adherence in the fiber/
matrix interface and the low degree of dispersion of the 
fibers, which is detrimental to the mechanical properties of 
these materials11; thus, the incorporation of a coupling agent 
or an appropriate treatment of the fibers is often required. 
The most commonly used coupling agent in composites is 
a polyolefin grafted with maleic anhydride6.

Composites produced with vegetable fibers may produce 
composites that, after their useful life, exhibit the same 
degradation behavior as the vegetable fibers themselves 
because the fibers are considered a biodegradable load. 
When fibers are added to inert polymers, the inert polymers 
will be preferentially consumed; however, when fibers are 
used in biodegradable matrix composites, the fibers will 
act to slow the process of biological degradation, according 
to the studies reported by Harnnecker et al.12. Stromberg 
and Karlsson13 evaluated the changes in the properties of 
three separate composites, polypropylene (PP)/wood flour, 
recycled PP/cellulose and poly(lactic acid) (PLA)/wood 
flour, which were exposed to a mixture of microorganisms 
to evaluate the biodegradation of the materials. They found 
that the degradation of wood composites occurred as was 
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expected because cellulose is a source of nutrition for the 
microorganisms. The formation of a biofilm occurred in all 
of the composites, including the composite with PP, which 
is an inert polymer. This was thought to have occurred 
because the cellulose fibers absorb more water, which 
facilitates colonization. Harnnecker et al.12 evaluated the 
behavior of a composite of curaua fiber in a matrix composed 
of a biodegradable, aliphatic-aromatic co-polyester and 
poly(lactic acid), called BP. With respect to biodegradation 
in simulated soil, the authors found that the incorporation 
of the fibers increased the water absorption, whereas the 
presence of maleic anhydride (MA-g-PP) reduced the level 
of water absorption. They related the presence of MA-g-PP 
and curaua fiber with the residual mass after 210 days of 
exposure in simulated soil and determined that 68% of the 
sample with curaua fiber and MA-g-PP remained, while 
only 26% of the pure BP sample remained.

The objective of this study is to evaluate the behavior of 
the composites with residue of cotton yarn (cotton fiber), a 
coupling agent (maleic anhydride) and recycled expanded 
polystyrene in simulated soil. The mechanical, chemical 
natures, and morphological properties of the composites 
were evaluated by tensile strength, FTIR, DM and SEM.

2. Experimental

2.1. Material

The cotton fibers were obtained from Indústria Têxtil 
H. Milagre in Farroupilha City, Rio Grande do Sul, Brazil. 
The cotton fibers used in this study originated from residues 
from the manufacture of fabrics in weaving machines. 
The postconsumer expanded polystyrene (EPS), supplied 
by ARCS (Association of Recyclers of Caxias do Sul) in 
Rio Grande do Sul, Brazil, possessed a melt flow index of 
17 g/10 min (200 °C, 5 kg) and an average molecular weight 
of 195.041 g.mol–1. The coupling agent used was maleic 
anhydride grafting polystyrene - poly (styrene-co-maleic 
anhydride), supplied by Sartomer Company, in Exton, 
Pennsylvania, United States. The coupling agent possessed 
an acid number of 281 mg KOH/g and was composed of 
25% maleic anhydride groups.

2.2. Preparation of fiber

The cotton waste, included in the form of yarn and 
identified in this study as cotton fiber, was segmented into 
pieces that were 25 mm long pieces. The fibers were washed 
by immersion in distilled water for 1 h at 25 °C and were 
subsequently oven dried for 24 h at 70 °C.

2.3. Preparation of composites

The postconsumer EPS used in this study was previously 
subjected to a degassing process, which was involved a 
single-unit piece of equipment consisting of a mill coupled 
to a heated endless screw; the degassing process followed 
the procedure previously described by Borsoi et al.14.

To obtain the composites, the polymer matrix and the 
cotton fibers were premixed in a single-screw extruder 
(Seibt model ES35FR) at a screw speed of 40 rpm. 
The temperatures at the different heating zones varied 

according to the following profile: 140, 160 and 180 °C. The 
composites were then ground in a knife mill (Primotenica, 
model 1001) and dried in an oven for 12 h at 70 °C. 
The resulting material was processed in a co-rotating 
twin-screw extruder with L/D = 32 and D = 20 mm (MH 
Equipamentos, model COR 20-32-LAB) at a screw rotation 
speed of 200 rpm. The extruder had 8 heating zones with 
the following profile: 115, 150, 185, 185, 180, 175, 175 and 
170 °C. The composites were then dried and fabricated by 
injection molding (Himaco Hidráulicos e Máquinas Ltda., 
model LHS 150-80) with the following temperature profile: 
150, 165 and 180 °C. The screw speed was 100 rpm, and the 
mold temperature was approximately 20 °C.

The identities of the composites are shown in Table 1. 
The formulations were developed with 20 wt% cotton fiber 
and 2 wt% coupling agent.

2.4. Behavior in the simulated soil

Evaluation behavior in simulated soil were performed 
as adapted from ASTM G160-0315, using equal parts soil, 
horse manure and sand. The simulated soil was left to age for 
4 months at ambient temperature and humidity. The pH and 
soil moisture content were monitored every 15 days, and the 
soil temperature was checked daily during the experiment. 
The simulated soil, after the 4 month maturation period, was 
brought to the Laboratory of Phito-pathology, Caxias do Sul 
University, to identify the microorganisms present in the soil. 
From this analysis, we identified fungi (Aspergillus spp, 
Penicillium spp, Verticillium spp, Fusarium spp, Mucor spp, 
Trichoderma spp) and bacteria, which allowed us to conduct 
the continuity test.

After maturation of the soil, the composites samples 
were buried in the soil and were allowed to degrade for 
periods of 30, 60 and 90 days in a greenhouse constructed 
for this experiment. After each exposure period, the samples 
were removed from the soil, washed with distilled water to 
remove the excess soil adhered to the surface, dried with 
absorbent paper, and then maintained in a desiccator until 
analysis.

2.5. Sample characterization

Tensile tests were carried out in a universal testing 
machine, the EMIC DL 2000, in accordance with ASTM 
D 638-1016 at a speed of 5 mm.min–1. The morphologies of 
the samples were first examined with an optical microscope 
(DM) using a Nikon brand, model Epiphot 200. The 
morphological characterization was performed with a 
JEOL JSM 6060 scanning electron microscope (SEM) at 

Table 1. Identification and composition of the samples.

Sample rEPS
(wt%)

CF
 (wt%)

AA
(wt%)

rEPS 100 0 0

rEPS/2AA 98 0 2

rEPS/20CF 80 20 0

rEPS/20CF/2AA 78 20 2
rEPS – recycled expanded polystyrene; CF – cotton fiber (residues from 
weaving machines); AA – coupling agent (MA-g-PS).
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an accelerating voltage of 15 kV. The surfaces were coated 
with a thin layer of gold before SEM analysis. Fourier 
transform infrared spectroscopy (FTIR) was performed with 
attenuated total reflectance (ATR) using an IS10 Thermo 
Scientific Nicolet spectrometer with an analytical range of 
4000 to 400 cm–1. The carbonyl index was evaluated as the 
ratio of the area of the peak at 1722 cm–1 (A1) and the area 
of the peak at 1600 cm–1 (A2) (C-H stretch), which is the 
band that remained unchanged during the degradation17,18.

 Carbonyl index = A1/A2 (1)

After the exposure period, the samples were washed 
in distilled water to remove residual soil from the surface 
of the composites, as specified by ASTM G160-0315. This 
waste water was stored in sterile flasks for further analyses, 
such as the identification of fungi and bacteria from the soil. 
Phytosanitary diagnostics were performed in the Laboratory 
of Mycology of Caxias do Sul University.

3. Results and Discussion
The measured mechanical properties of the composites, 

with and without the coupling agent, are compared with the 
mechanical properties of the pure polymer samples before 
and after exposure in the soil in Figure 1.

The addition of cotton fiber promoted a 57% increase 
in the tensile strength (Figure 1a) of the sample rEPS/20CF 
compared to the pure matrix (rEPS), which indicates that 
the cotton fiber acts as load reinforcement and improves the 
mechanical properties of the material. Similar results were 
observed by Borsoi et al.19 in studies with cotton fibers. The 
effect of the coupling agent was not significant in this the 
initial evaluation.

Decreases of 11% and 28% in the tensile strength of the 
samples without cotton fibers were observed for rEPS and 

rEPS/AA2, respectively, and are related to the exposure in 
the simulated soil. A greater reduction of the tensile strength 
of the composite with the coupling agent could be due to 
the use of peroxide as a reaction initiator in the graphitizing 
of maleic anhydride; residues from this process may act to 
promote the degradation of the polymeric matrix20,21.

Decreases of 10% and 7% were observed in the tensile 
strength of the rEPS/20CF sample and the rEPS/20CF/2AA 
sample, respectively, after exposure for 90 days in the 
simulated soil. The low level of reduction of the tensile 
strength found in the rEPS/20CF/2AA sample is due to 
the use of the coupling agent, which minimizes the water 
absorption of the fiber in the composite; water absorption 
is responsible for decreasing the mechanical properties22,23. 
When water penetrates into the composite, it results in the 
swelling of the vegetable fibers, which produces fractures 
in the matrix that allow increased diffusion of water into the 
composites, thus deteriorating the fiber/matrix interface and 
decreasing the mechanical properties.

Figure 1b revealed the same trends in sample properties 
with respect to tensile strength before exposure to soil. 
After 30 days of exposure, there was a decrease nearly 
78% in the elastic modulus, indicating that degradation 
had occurred because, according to Nair and Thomas24, the 
hydrophilic nature of the cotton fibers can promote the onset 
of degradation of the composite. Thus, the observed decrease 
in the elastic modulus may be related to the reduced rigidity 
of the composite, which is caused by the absorption of water 
by the fibers and not by the actions of the microorganisms 
in the soil.

Figure 2 illustrates the surface morphology observed 
through SEM of the samples subjected to exposure in the 
simulated soil for 90 days. The images show no evidence 
of cavities, pores, colonies of microorganisms, biofilm 
formation or other surface defects that would be indicative 

Figure 1. The measured mechanical properties of (a) tensile strength and (b) modulus of elasticity of the samples before and after exposure 
in the simulated soil.
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of sample degradation caused by the microorganisms present 
in the medium25.

Figures 3 and 4 present the optical micrographs of the 
recycled matrix and cotton fiber composites, with or without 
the use of the coupling agent, before exposure and after 
90 days of exposure in the simulated soil.

The surfaces of all of the samples after 90 days of 
exposure showed modifications, such as whitening and 
color change. Different microbiological secretions from 
certain microorganisms can produce distinct colors that are 
associated with specific types of microorganisms. According 
to Flemming26, the pigmentation observed in the material 
after the test in the simulated soil occurred due to the 
presence of certain species of fungi that produce secretions 
with different colors due to the nature of the polymer matrix.

Figure 5 presents the spectra of all of the different 
samples both before and after 90 days of exposure to the 
simulated soil.

The absorption bands for polystyrene are as follows: 
3026 cm–1 C-H band related to the deformation of the 
aromatic ring; 2928 and 2851 cm–1 bands related to the 
asymmetric and symmetric stretching vibrations of CH2, 
respectively; 1600 and 1493 cm–1 C-C bands corresponding 
to the stretching of the aromatic ring; 1445 cm–1 band related 
to the bending vibration of CH2; 1069 and 1028 cm–1 C-H 
bending vibrations of the ring plane; and 760 and 698 cm–1 
C-H bands that correspond to the deformation of the 
aromatic ring out of the plane27-30. No changes were observed 
in the polystyrene spectra after 90 days of exposure in the 
simulated soil.

Figure 2. SEM micrograph of the sample surface after 90 days of exposure in the simulated soil: (a) rEPS, (b) rEPS/2AA, (c) rEPS/20CF 
and (d) rEPS/20CF/2AA.
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Table 2 presents the carbonyl index for all samples 
before and after 30, 60 and 90 days of exposure in the 
simulated soil. The carbonyl index was calculated as the 
ratio between the area of the band at 1744 cm–1 and the area 
of the band at 1600 cm–1 corresponding to the stretching of 
the C-H bond of polystyrene.

 The comparison of the carbonyl index for the samples 
before and after exposure shows an increase in the oxidation 
of samples with the fiber, which is possibly due to a relatively 
high exposure to oxygen of the matrix/fiber in the spaces 
that developed during processing. This behavior was also 
reported by Stark and Matuana31 in their evaluation of 
compounds developed with wood flour/HDPE.

During exposure to the simulated soil, chain scissions 
occurred; this was verified by observing the initial 
increase in the carbonyl index. Chain scissions may 
occur due to oxidation by dissolved oxygen in the soil. 
The carbonyl index decreases after longer exposures, 
which could be due to the consumption of the carbonyl 
groups by microorganisms and/or the formation of esters 
or the occurrence of the Norrish mechanism32,33. The 
presence of carbonyl groups, such as esters, carboxylic 

acids, aldehydes and ketones, in a degraded polymer may 
indicate oxidation and that the material is more vulnerable 
to degradation34.

A significant change in the carbonyl index for 
rEPS/20CF and rEPS/20CF/2AA was not detected with 
exposure to the soil, and the oxidation promoted due to 
sample processing did not change with the exposure period. 
According to Schlemmer et al.35 the mechanisms involved in 
the biodegradation of PS are complex due to the processes 
of chain scission and oxidation caused by oxygen and 
microorganisms.

Figure 3. Optical micrographs of the surfaces of the samples without fiber before exposure (above) and after 90 days of exposure (below) 
to the simulated soil.

Table 2. Carbonyl index of the samples before and after 30, 60 and 
90 days of exposure in the simulated soil.

Sample Carbonyl index

O days 30 days 60 days 90 days

rEPS 0.1 0.6 0.3 0.1

rEPS/2AA 0.1 0.6 0.3 0.1

rEPS/20CF 0.4 0.5 0.4 0.5

rEPS/20CF/2AA 0.3 0.3 0.4 0.4
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Figure 4. Dptical micrographs of the surfaces of the composites before and after 90 days of exposure in the simulated soil.

Figure 5. Spectra of the samples with and without the cotton fiber 
and the coupling agent before and after 90 days of exposure in the 
simulated soil.

Figure 6. Photograph of the fungal colonies from the wash water of 
a sample after 90 days of exposure in the simulated soil.
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Fungal cultures were grown and observed from the 
wash water from all of the samples exposed to the simulated 
soil for periods of 30, 60 and 90 days. Figure 6 shows an 
example of the fungal cultures grown from the wash water 
of a sample after 90 days of exposure in the simulated soil.

Figure 7 shows a photograph of some of the fungi and 
larvae found in the wash water from all of the samples. The 
presence of nematode larvae, protozoa, spores and hyphae 
of fungi was observed in the wash water from all of the 
samples. Wash water from samples exposed for 30 and 

Figure 7. Photographs of the fungi identified in the cleaning water analysis.
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60 days possessed creamy white colonies of Geotrichum 
yeast, gray and white colonies of Rhizopus and Mucor spp, 
black colonies of Aspergillus niger, yellow-green colonies 
of Aspergillus flavus, green colonies of Aspergillus spp, and 
white filamentous colonies suggesting the presence of other 
bacteria. Wash water from samples exposed for 90 days in 
the simulated soil possessed green colonies of Aspergillus 
spp, gray and white colonies of Rhizopus spp, black colonies 
of Aspergillus niger, green colonies of Trichoderma spp and 
other unidentified bacteria.

4. Conclusion
The composites rEPS/20CF/2AA and rEPS/20CF 

presented superior mechanical properties compared to rEPS 
and rEPS/2AA, which can be attributed to the contribution 
of the cotton fibers in the composites.

The results of the evaluation behavior in simulated 
soil revealed a decrease in the mechanical properties of 
all tested materials. The tensile strength and the stiffness 
were reduced for all of the samples that were subjected to 
the same exposure period. However, the reduction of the 
stiffness was much more evident, which can be attributed 
to the interaction of water with the fibers in the composites. 
The presence of the cotton fibers and the coupling agents 
increased the evaluated mechanical properties.

The increase in the carbonyl index after 30 days of 
exposure in soil is associated with the degradation of the 
polymer, which results in the formation of carbonyl groups. 
With increased exposure times, the carbonyl index decreased 
as a result of the actions of microorganisms. No appreciable 
difference in the degradation process was observed regarding 
to the presence of the coupling agent or cotton fibers.

No biofilm formation was observed on the surfaces of 
the samples, but changes in the color of the surfaces after 
90 days of exposure due to the colonization of the surface 
by bacteria and fungi were observed.

Changes in the properties of the composites were 
observed after exposure in simulated soil however no sign 
of biodegradation, which should be related to the relatively 
short time of exposure.
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