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Abstract
We are living in a world where we are facing a lot of environmental challenges and one of
them is the increasing pollution day by day both in the atmosphere and in the land fills. This
is because there is no proper waste disposal mechanisms of the products that we need to live
in. After we use the things which are not biodegradable, either they are buried or burnt. Both
these ways of disposal are extremely dangerous and harmful to the environment.
The term biodegradation is getting more importance, as it converts the materials into water,
carbon dioxide and biomass, which means no harm to the environment. Now a days a lot of
research is going on to develop biodegradable polymers, so that we can make as much
materials as we can for our daily use from these polymers, which can be vanished from the
surface of the earth after they are of no use. In this respect this master thesis is carried out to
understand the biodegradational phenomenon of cellulosic materials when buried in soil so
that they can be used in our daily life with maximum efficiency and after their use they can
be disposed of easily with no harmful effects on the environment. This research is also
helpful in getting an idea about the time span of useful life of various cellulosic and noncellulosic materials (cotton, jute, linen, flax, wool and polyester).
Keywords
Biodegradation, cellulose, aerobic, spectra, microorganisms, FTIR
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1 Introduction
Biopolymers represent the most abundant compounds in the biosphere and constitute the
class of polymers that are renewable, sustainable and biodegradable. Therefore, the
biopolymers and the fibres that can be produced from them are very attractive on the market
because of the positive human perception about what the term biodegradability means and
such materials also offer suitable solution connected with waste disposal problem. These
polymers can be easily degraded by microorganism into new cell material or biomass and can
be used as alternative to synthetic polymers which are produced from non-renewable energy
source. The use of synthetic fibres has increased oil consumption significantly and the main
problems are that they are mainly non-degradable and non-renewable.
The most common biopolymer in the biosphere and the main component of most of the
natural fibres like cotton, linen, jute etc, is cellulose. Products produced from biopolymers
including cellulose are very susceptible for microbial growth which can leads to many
aesthetic, functional problems and even infection. But on the other hand this problem can
used as an advantage by implementing the use of cellulose containing materials into the
products where they are not required for longer period of times.
1.1 Background and problem description
In this master thesis we will discuss the biodegradational effects of microorganisms on
different types of fibres out of which most of them are natural and cellulose is their major
component. It will be measured that how long it takes for the microorganisms to completely
consume the fabric and what are the factors that increase or decrease the degradation rate of
fabrics.
1.2 Purpose
The aim of this research work is to understand the natural phenomenon of biodegradation of
cellulosic materials when buried in soil and to analyze the changes that occur in the materials.
1.3 Limitations and delimitations
Samples of different types of cellulosic fabrics are buried in soil to degrade them. The extent
to which the damage has been done by the microorganisms to the fabric samples is very
difficult to measure especially by mass as some part of the sample mix with soil.
As we were dealing with six different kinds of fabrics in this thesis, it was a bit unfortunate
that all of them are of different specifications and it was a bit difficult to compare all of them
and to elaborate the results.
1.4 Research question
 To understand the biodegradation process of various fabric samples when they are
buried in the soil and how the changes in the functional group of each fabric takes
place
 To measure the extent to which a specific kind of fabric is biodegraded
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1.5 Methodology
This master thesis is all about to understand the biodegradation of different textile materials
when buried in soil. The ISO standards, ISO 11721-1:2001 and ISO 11721:2003 were
considered during the experimentation and the outcomes of the experimentation were
analyzed and exploited by following scientific methods.






Determining mass per unit area of the fabric by Zweigle KG apparatus
Analyzing fabrics by Axiotech 25 HD (+POL) Microscope (ZEISS)
Analyzing fabrics by Scanning Electron Microscope (TS 5130)
Fourier Transform Infrared Spectroscopic Analysis (Perkin Elmer)
Thermogravimetric Analysis (TGA Q500)
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2 Theory
2.1 Biodegradation
Degradation is a process of breaking down a material into its constituent elements by a
physical, chemical or a biochemical process which should be irreversible. When this process
of degradation is aided by the attack of living matter especially microorganisms, resulting
into mineralization or biomass, it becomes Biodegradation (Van der Zee, M., Stoutjesdijk,
J.H., Van der Heijden, P.A.A.W. and De Wit, D, 1995).
The biodegradation of a material takes place in three steps




Biodeterioration
Biofragmentation
Assimilation

Biodeterioration of materials is a combined result of lots of degradative factors like
mechanical degradation, thermal degradation and degradation due to the presence of
moisture, oxygen, ultra violet light and environmental pollutants. Due to the result of these
mentioned factors, a huge amount of microorganisms stick onto the surface of materials.
Biofragmentation is a process in which microorganisms increase their population and secrete
enzymes and free radicals, which break down macromolecules to oligomers, dimers and
monomers.
In the last step of assimilation, energy, new biomass and various metabolites used by
microorganisms are produced and simple gaseous molecules and mineral salts are released
into the environment (Falkiewicz-Dulik, Michalina., Janda, Katarzya. and Wypych, George.,
2010).
2.1.1 Types of Biodegradation
There are two types of biodegradation, aerobic and anaerobic. When material is biodegraded
in the presence of oxygen it is called aerobic biodegradation and if without oxygen then
anaerobic biodegradation. For a material to be completely biodegraded it must be converted
into carbon dioxide, water and minerals and the intermediate products should contain
biomass (Van der Zee, M., Stoutjesdijk, J.H., Van der Heijden, P.A.A.W. and De Wit, D,
1995).
Aerobic and anaerobic processes of degradation can be represented by the equations 1 and 2
below, where Cpolymer represents either a polymer or a fragment that is considered to be
composed only of carbon, hydrogen and oxygen.


Aerobic biodegradation

Cpolymer + O2 


CO2 + H2O + Cresidue + Cbiomass + Salts

Equation 1

Anaerobic biodegradation

Cpolymer 

CO2 + CH4 + H2O + Cresidue + Cbiomass + Salts

Equation 2

When Cpolymer is completely converted into gaseous products and salts, then the
biodegradation is completed (Van der Zee, M., Stoutjesdijk, J.H., Van der Heijden, P.A.A.W.
and De Wit, D, 1995).
11

2.1.2 Factors affecting biodegradation
The biodegradation of materials depend upon the polymer chemistry and the environment in
which they are exposed. Measuring how much a material is degraded is not only the job,
there should also be considered some other factors as well which are influencing the
environment and the material. Some of the important factors that directly influence the rate of
biodegradation are as follows (Van der Zee, M., Stoutjesdijk, J.H., Van der Heijden,
P.A.A.W. and De Wit, D, 1995).






The presence of microorganisms
The availability of oxygen
The amount of water available
Temperature
Chemical environment (pH, electrolytes, etc)

2.2 Microbial Activity
Our environment is surrounded by countless number of microorganisms, so nothing in this
world is free from the influence of microorganisms. But the effect of microorganisms could
be pleasant or destroying. In majority of cases the microorganisms cause problems in the
service and life of materials. A very simple reason for this is that the microorganisms are also
living things and they require food for their survival, which they get from the materials on
which they live in, resulting in degrading them (Semenov, S.A., 2003).
For a material to be biodegraded, first a biodestructor source is required. The source,
microorganisms are present in atmosphere and in soil as well. Infact soil is very rich in
microorganisms and its layer from 5 to 15 cm deep is most saturated with microorganisms
and one gram of soil contains up to 108 microorganisms (Semenov, S.A., 2003).
Microorganisms attack on any kind of fibre or material surface according to following steps
(Falkiewicz-Dulik, Michalina., Janda, Katarzya. and Wypych, George., 2010).
1
2
3
4
5
6

Microorganisms stick onto the surface of a material either by adhesion or aggregation
Proliferation of attached microbial cells
Production of enzymes
Biodegradation of material
Reduction of degree of polymerization of the material polymers
Production of degradable products

2.2.1 Biodegradation of cellulosic textile substrates
The degradation rate of cellulose and cellulosic textile substrates mostly depends on
microorganisms used. Bacteria and fungi are the two main groups of microorganisms
responsible for enzymatic degradation of cellulose. In the presence of bacteria the
degradation of the cellulose fabrics proceeds from the surface towards the inside, In the
presence of fungi, after the revival of the cuticle, the organisms penetrate through the
secondary wall into a lumen where they grow (Desai and Pandey, 1971).
The main function of the enzymes is to decrease the degree of polymerization, resulting in
damaging the structure of the fibres and the fibres losses their strength. The rate of
degradation of cellulose is directly related to its degree of crystallinity. Hence for amorphous
cellulose having less degree of crystallinity is more susceptible for enzymatic degradation
than a crystalline one. The degradation rate also depends on other parameters like degree of
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orientation, degree of substitution and presence of non cellulosic substances (Desai and
Pandey, 1971).
2.2.2 Molecular structure of cellulose
Cellulose is the major carbohydrate synthesized by plants and thus is the most abundant
organic polymer in nature exploited in numerous applications ranging form papermaking to
textiles. The element composition of cellulose was first suggested in 1838 by French chemist
Anselme Payen. Cellulose is a linear polymer linked by β-(1-4) glucoside bonds formed
between glucose units, depicted in Fig 1. The glucose units exist in the lowest energy
configuration of β -D-glucopyranose namely chair configuration. Because of β-linkage each
glucopyranose unit is oriented 180o to its neighbor and consequently the basic repeating unit
of cellulose is cellobiose instead of glucose. The number of anhydroglucose units linked
together by β-(1-4) glucoside bonds or degree of polymerization of naturally occurring
cellulose might be higher than 10000 (Krassig, 1993).

Fig 1 Molecular Structure of Cellulose

Intramolecular hydrogen bonds are formed by interactions between hydroxyl groups in the
same cellulose molecule, whereas interactions between hydroxyl groups of the same and of
the adjacent cellulose molecule lead to the intermolecular hydrogen bonding. (Krassig, 1993)
It is known that intramolecular hydrogen bonds can be formed between C-3 hydroxyl of one
glucose unit and the ring oxygen O-5 of adjacent glucose unit and also between C-6 and C-2
hydroxyl groups between one and adjacent glucose unit (Blackwell, Kolpak and Gardner,
1997).
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3 Materials
The materials that are used for the study of biodegradation are fabrics of cotton, jute, linen,
flax, wool, polyester and one fabric having blend of polyester and cotton.
3.1 Cotton
The most used cellulosic fiber in the world is cotton. It is a single cell fiber which develops
from epidermis of the seed and consists of cellulosic and non-cellulosic materials. The
outermost layer of the cotton fiber is the cuticle, covered by waxes and pectin, surrounding
the primary wall, composed mainly of cellulose, pectin, waxes and proteinaceous material.
The inner part of cotton fibre comprises secondary wall, divided into several layers of parallel
cellulose fibrils, and the lumen (Stephen Yafa, 2006). A cotton fabric as shown in Fig 2 has
been used to study biodegradational effects.

Fig 2 Cotton Fabric

3.2 Jute
Jute is one of the largest growing fibres after cotton and is also very cheap. It can be brought
into variety of uses like in fabrics, ropes, carpets e.t.c. Jute fibers are composed mainly of
plants material cellulose and lignin. Jute is a rainy season crop. It grows best in hot and
humid atmosphere. Jute is a long, soft, shiny plant fiber from which we can spin coarse and
strong threads. It is produced from plants in the genus Corchorus (Bhaduri, Sen and
Dasgupta, 1979). A woven fabric of jute that has been taken for the study is shown below in
Fig 3.

Fig 3 Jute Fabric
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3.3 Linen
Linen fibres are obtained from the flax plant (Linum usitatissimum). To obtain linen from flax
fibres is not very easy. But when we get linen once and make fabrics from it, they consist of
exceptional characteristics like coolness and freshness in hot weather (Balter, 2009).
Linen textiles appear to be some of the oldest in the world. Linen is an expensive textile, and
is produced in relatively small quantities as compared to other textile fibres. The "staple
length" (individual fiber length) of linen fibres is relative to cotton and other natural fibers
(Kadolph, J. Sara., and Langford L. Anna., 2002).
The linen fabric that was used for experimentation is shown in Fig 4 as below.

Fig 4 Linen Fabric

3.4 Flax
Flax (Linum usitatissimum) fibre had found its applications since the beginning of
civilization and grown from that time. It was primarily grown to get linen from it. It is a
strong and stiff fibre; Fig 5 shows a non-woven flax fabric used for studies.
Flax fibre is obtained after the extraction from the bast or skin of the stem of the flax plant. It
is usually soft, lustrous and flexible; and the fibres have blonde hair appearance. The
elasticity of flax fibre is less but it is attractive fibre. It is based on large amount of dietary
fiber and there is large quantity of fatty acids. (Wardey, 1967)
As the fabric is non-woven, so polyester fibers are used with flax fibers to make the fabric
structure compact.

Fig 5 Flax Non-Woven
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3.5 Wool
Wool is a fiber that we get from sheep and few other animals. (Braaten and Ann, 2005) Wool
has several qualities that distinguish it from hair or fur: it is crimped, it is elastic, and it grows
in staples. (D'Arcy, 1986) Wool fibers are hygroscopic, meaning they readily absorb moisture
and are hollow. It can absorb moisture almost one-third of its own weight.
Fabric sample of wool that is taken for study is shown in Fig 6 below.

Fig 6 Fabric of Wool

3.6 Polyester
Polyester is a type of polymers which contain large units of endless ester functional group in
their main chain. There are many types of polyester; the term "polyester" is more specifically
used for polyethylene terephthalate (PET). (Dominick V, Matthew V and Donald V, 2004)
The chemical formula of polyethylene terephthalate is as follows

Fig 7 Chemical Formula of Polyester

Fig 8 shows a non-woven polyester fabric.

Fig 8 Non-Woven Polyester
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4 Experimental
The experimental work was carried out in the laboratories of Engineering School of
University of Boras, Sweden and the Mechanical Department of University of Maribor,
Slovenia.
4.1 Methods
4.1.1 Soil burial test
The biodegradation of fabrics is done by burying the samples in the soil for different time
periods. Different kinds of fabrics were exposed to the test soil according to the ISO 117211:2001 and ISO 11721:2003 standard. The samples were cut into the dimensions of 5*5cm2
and buried in soil into the beakers of capacity 1000ml. The water content of test soil was
60+5% of the maximum moisture retention capacity and the PH of the test soil should be in
the range of 4.0 to 7.5. The beaker containing the buried samples are then placed into the
climatic chamber KK-105 CH as shown in Fig 9, for varying periods of 7, 14, 21, 28 days
and three months. Incubation of the soil burial samples is carried out at 95 to 100% relative
humidity and 29oC. After the defined burial time the samples were removed from the soil and
rinsed in ethanol/water (70%/30% volume fraction) solution for approximately 10 min before
drying at room temperature (ISO 11721-1:2001, ISO 11721:2003).

Fig 9 Climatic Chamber KK-105

4.1.2 Samples in direct contact with soil
In this method samples of all types of fabrics were cut into pieces of 5x5 cm2 and four
samples were taken from each kind of fabric and they were buried in soil according to the
ISO 11721-1:2001 and ISO 11721:2003 standards. The samples are buried in such a way that
all four pieces of one type of fabric are buried in one separate beaker of 1000ml, so that
different materials may not mix with each other. After every week soil from all beakers is
taken out and moisturized with distilled water, after that soil with samples is again put back
in the beakers and one piece of fabric from every kind of textile material is kept out to study
the effect of microorganisms. These samples are first rinsed in ethanol/water (70%/30%
volume fraction) solution for approximately 10 min before drying at room temperature and
after that further experiment were conducted.
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4.1.3 No direct contact of samples with soil
It is not possible to get exact reduction in mass after a specific time because of the direct
contact of soil with the fabrics, so all fabrics were first converted into fibers and then sewn
into hydrophilic and hydrophobic bags of Polypropylene (PP) and Polyethylene (PE) fabric
with a ratio of 50/50 of both the materials in the fabric. The hydrophilic PP and PE fabric has
a mass of 25 gm/m2 and hydrophobic has 22 gm/m2.
The concept behind using hydrophilic and hydrophobic bags is to understand and to see the
difference in the behavior of all types of fabric samples in hydrophilic and hydrophobic
conditions. In this way we can make a guess that which conditions are more suitable for
biodegradation of a particular fabric.
Four samples of each type of textile material are sewn into hydrophilic bags and two in
hydrophobic bags. There are seven different textile materials, so in this way in total we have
forty-two (42) samples and to keep them separate every sample is coded. After the
preparation of bags they were put into the soil for three months by following the ISO 117211:2001 and ISO 11721:2003 standards.
After every week the samples buried in soil were taken out of the soil and the soil is
moisturized with distilled water and after that the samples were again put in the soil and this
process will be continued till four months.
After every month the samples will be taken out from the soil and dried in the open
atmosphere for one day, after that they will be put in an oven with each sample in separate
bottle for four hour at 105 ºC to remove the moisture completely from the samples, after that
all the bottles were closed from the top and put in the desiccator for one hour so that the
samples cool down and no moisture entre into the samples. After that all these samples will
be weighted and again put into the soil. The reduction in mass percentage of the bags due to
the degradation process is calculated by the formula as;
Weight loss = (Mb - Ma)/ Mb x 100

Equation 3

Where Mb is the weight of the sample before degradation and Ma is the weight of the sample
after degradation.
4.2 Scientific techniques
The following different scientific methods were used to investigate how much the material
has been biodegraded with the passage of time.
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4.2.1 Zweigle KG apparatus
Mass per unit area of each type of fabric is measured by using Zweigle kg apparatus.

Fig 10 Zweigle Apparatus

4.2.2 Axiotech 25 HD (+POL) microscope (ZEISS)
Axiotech 25 HD (+pol) microscope (ZEISS) is equipped with AxioCam MRc (D) highresolution camera and KS 300 Rel. 3.0 image analysis software. The measurements were
performed according to a pre-defined macro, which ensured that all samples were analyzed in
the same way and under the same conditions. All of the measurements were performed in
light transmission mode with a halogen lamp as the light source. The illuminating power of
the lamp was adjusted using a potentiometer. It has several optical lenses marked as 5X, 10X,
20X, 50X and 100X having magnification range from 50 to 1000 times.

Fig 11 Axiotech Microscope
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4.2.3 Scanning electron microscope (TS 5130)
TESCAN Vega TS 5130 electron microscope is a high vacuum microscope with secondary
electron and backscattered electron detectors with maximum resolution of 3 nm is used to
investigate the changes that occurred in the samples with the passage of time. Fig 12 shows
an electron microscope that is analyzing the sample.

Fig 12 Scanning Electron Microscope

4.2.4 Fourier transform infrared spectroscopy (Perkin Elmer)
Infrared (IR) spectroscopy is one of the most important and most frequently used analytical
technique which enable interpretation of the chemical structure of the substance consequently
identification of its functional groups. The working principle of this machine as shown in Fig
13 is very simple. A sample is placed in the path of infrared beam and the functional groups
of sample absorb different infrared frequencies and this absorption causes vibrations of the
molecules.

Fig 13 Fourier transform infrared spectroscopy
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4.2.5 Thermogravimetric analysis (TGA Q500)
In Thermogravimetric analysis the apparatus type that is used is TGA Q500 as shown in Fig
14. The sample that is to be run on this machine is heated at constant rate, while change in
mass of sample is recorded as function of temperature. The weighing of the sample is done
by a thermo-balance which is present inside the furnace.

Fig 14 TGA Q500

21

5 Results and discussion
The results and discussion part is divided in three sections as experiments were performed in
three different ways, which is mentioned as follows.



Samples in direct contact with soil
No direct contact of samples with soil

5.1 Samples in direct contact with soil
5.1.1 Cotton
The sample of cotton fabric that was used to study is woven, bleached and mercerized. It was
cut into four pieces so that after every week one piece can be taken out to study the
degradational effects by using various mentioned techniques.
5.1.1.1 Mass per unit area
The mass per unit area of cotton fabric before experimentation was calculated by Zweigle
apparatus and was found 182 gm/m2.
5.1.1.2 Visual and microscopic analysis
First the yarns from cotton fabric were taken out and converted into the fibers. This is done so
to measure the average diameter of the cotton fibres. Axiotech microscope is used for this
purpose which calculates the diameter of the fibre by using its software and generates a graph
as shown in Fig 15.

Fig 15 Diameter of cotton fibres

The average diameter of cotton fibres for one hundred and fifty readings is 17.163µm. The
graph shows that majority of cotton fibres are in the range of 14µm to 20µm.
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Then cotton samples before experimentation and taken out from soil after seven, fourteen and
twenty-one days have been analyzed visually and with the help of Axiotech and scanning
electron microscope. The findings are pictorially represented in Fig 16 as follows.
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Fig 16 Biodegraded cotton samples

Normally in cotton, the cellulosic polymers have a high degree of polymerization (~6,000 to
10,000 units), highly reactive hydroxyl (-OH) groups, and the ability to support hydrogen
bonding with its 70% crystalline area. The remaining 30% of the fiber is amorphous.
Although the degree of crystallinity is high, the crystalline portions are often at an angle to
the fiber axis (Mary Warnock, Kaaron Davis, Duane Wolf, and Edward Gbur, 2011). So
these regions will not effectively take part to resist the degradation process carried out by
microorganisms. The structural deformation can be easily observed after the first week by
both types of microscope. After two weeks the fabric was highly degraded and the structure
of the fibers is almost collapsed. After three weeks the cotton fabric was so much degraded as
it is clear in the photos that it was very difficult to separate it from the soil and after four
weeks there was nothing except the soil.
5.1.1.3 Fourier transform infrared spectroscopy (FTIR)
The FTIR investigation of three week behavior of cotton samples when taken out every week
and studied by FTIR is represented by the Fig 17 as follows.
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Fig 17 FTIR investigation of biodegraded cotton samples

The prominent change which shows that the material has degraded can be seen by the spectra
in the range of 1400 cm-1 to 1650 cm-1, here an increase in the intensities of the spectrum
after every week has been noticed. It represents that the initial functional groups that were
present in the cotton sample has been attacked by microorganisms, degraded and they have
converted them into new biomass. At 1637 cm-1 the peak of third week is most prominent
which is representing the absorption of water molecules; it shows that with the passage of
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time structure of cellulose collapses and absorption of water molecules increases (Wang, W.
et al., 2003).
According to reference (Hulleman, S.H.D., Van Hazendonk, J.M. and Van Dam, J.E.J., 1994)
the spectra of cellulose show decrease of bands particularly at 1372 cm-1, 1336 cm-1, 1313
cm-1, 1280 cm-1,1160 cm-1 and 1105 cm-1 when moving from high crystalline to amorphous
cellulose, which means that the samples are degraded.
5.1.1.4 Thermogravimetric analysis (TGA)
In Thermogravimetric analysis for cotton the maximum temperature is set to 500ºC and the
ramp rate is set to 10ºC per minute. The weight of the sample taken should be very small, in
the range of 5mg to 10mg. The reduction in weight percentage versus increase in temperature
plot for cotton samples is shown in Fig 18.

TGA ANALYSIS OF COTTON FABRIC BIODEGRADED WITH THE PASSAGE OF TIME
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Fig 18 TGA analysis of biodegraded cotton samples

It is clear from the Fig 19 that when the cotton sample before degradation was tested by
TGA, maximum amount of fabric was burnt and the remains were only the ash. But in case of
cotton sample after two weeks due to the exposure to soil, microorganisms have degraded the
samples and the amount of cellulose has been reduced. So when the sample is heated up to
500ºC, it reduced the weight up to 50% but after that it was impossible to reduce the mass as
there was not cellulose left. This behavior is the same for the third week sample but the
sample is more biodegraded as it is clear from the Fig 19.
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5.1.2 Jute
Biodegradation pattern of jute fabric for four weeks have been investigated as follows.
5.1.2.1 Mass per unit area
The mass per unit area of jute fabric is 263 gm/m2.
5.1.2.2 Visual and microscopic analysis
The diameter of jute fibres is measured first by using Axiotech microscope.

Fig 19 Diameter of jute fibres

As it is clear from the Fig 19 that the diameter range of jute fibres varies a lot so two hundred
readings were taken to get the average diameter which is 68µm.
Four week samples of jute fabric that are taken out of soil after every week have been
analyzed by Axiotech and scanning electron microscope is represented by Fig 20.
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Fig 20 Biodegraded jute samples

After four weeks the jute fibers are highly degraded as it is clear from the microscopic view
but from the naked eye it seems to be less degraded, but this is not the case as jute has higher
mass per unit area and diameter and in addition to this the fabric structure of jute was also
very compact. So these factors hindered the attack of microorganisms to some extent.
The amount of lignin present in jute is highest among all other woody fibres and lignin
behaves as a retarding agent for swelling and thus results in the limitation of intra-crystalline
swelling so absorbance of moisture is also limited (Sen K.M. and Woods J.H., 1949).
5.1.2.3 Fourier transform infrared spectroscopy (FTIR)
Biodegradation pattern of four week samples of jute investigated by FTIR is as follows.
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Fig 21 FTIR investigation of biodegraded jute samples

As jute mainly consists of cellulose so its degradational behavior when studied by FTIR
spectroscopy seems not very different from that of cotton. The presence of an absorption
band near 1730 cm-1 in the FT-IR spectra is due to (C=O stretching of) the carboxyl groups.
The sharp bands at 1595 and 1505 cm-1 show the presence of aromatic rings in jute fiber. The
spectra of lignin show sharp bands in these regions, due to the stretching modes of the
benzene ring. The bands near 1250 and 1235 cm-1 are possibly due to C-O-C bond in the
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cellulose chain and OH deformation respectively (Prafulla K. Sahoo, Roomky Mohapatra and
Anusmita Sahoo, 2005).
5.1.2.4 Thermogravimetric analysis (TGA)
The maximum temperature for jute is set 500ºC and the ramp rate is 10ºC per minute.

TGA ANALYSIS OF JUTE FABRIC BIODEGRADED WITH THE PASSAGE OF TIME
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Fig 22 TGA analysis of biodegraded jute samples

It is clear from the Fig 22 that before biodegradation loss in the weight of the sample is
maximum. The sample after two weeks is reduced less in weight this is because the cellulose
of jute has been degraded by microorganisms and the representing groups of jute has been
replaced. Reduction in weight of sample that was taken out of the soil after four weeks is the
least because of maximum degradation.
5.1.3 Linen
The linen fabric that was taken for experimentation has a very fine, soft and open structure.
The investigation of biodegradation for linen fabric is as under.
5.1.3.1 Mass per unit area
The mass per unit area of linen is 211 gm/m2.
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5.1.3.2 Visual and microscopic analysis
The diameter of linen fibers is measured by Axiotech microscope and is shown by the Fig 23.

Fig 23 Diameter of linen fibres

The average diameter of linen fibers is 24.38 µm.
The biodegradation of linen fabric was quite quick and after two weeks it was extremely
difficult to separate linen fabric from the soil. Pictorial representation of linen fabric after for
two weeks is shown by the Fig 25.
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Fig 24 Biodegraded linen samples

Samples of Linen fabric are the one who were severely attacked by microorganisms and only
after two weeks it was difficult to separate the fabric samples from the soil. The so quick
degradation effects from the soil burial test are because of the structure of the linen fabric, as
the fibers are not tightly twisted in the yarns.
5.1.3.3 Fourier transform infrared spectroscopy (FTIR)
The FTIR investigation of linen fabric samples is as follows.

33

Date: 19.4.2011

1,50
1,4
1,3
1,2
1,1
1,0
872,02

0,9
0,8

1629,29
3337,30
1538,10

A 0,7
0,6

1403,30

1218,94

0,5
0,4
0,3
0,2
0,1

-0,04
4000,0

3000

2000

1500

1000

650,0

cm-1

LINEN after 1 week
LINEN before biodegradation

normalized at 1800 per cm

LINEN after 2 weeks

Fig 25 FTIR investigation of biodegraded linen samples

The FT-IR spectra of Linen fabric is almost the same as cotton, this is because the major
portion of Linen consist of cellulose.
5.1.3.4 Thermogravimetric analysis (TGA)
The Thermogravimetric analysis of linen fabric samples is shown in Fig 26.
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TGA ANALYSIS OF LINEN FABRIC BIODEGRADED WITH THE PASSAGE OF TIME
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Fig 26 TGA analysis of biodegraded linen samples

The above graph shows that the weight loss percentage for fabric taken out of soil after two
weeks is much less as compared to the fabric that has no contact with the soil. These are the
clear signs that sample has been biodegraded after two weeks.
5.1.4 Flax
A non-woven fabric sample of flax is taken for experimentation, as it is non-woven so
polyester fibers are used to held the matrix of flax fibers together.
5.1.4.1 Mass per unit area
The mass per unit area of non-woven flax is 413 gm/m2, which is too high and this parameter
should be kept in mind while studying biodegradation.
5.1.4.2 Visual and microscopic analysis
The average diameter of flax fibres calculated with the help of Axiotech microscope is shown
in the graph generated by the microscope itself is as under.
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Fig 27 Diameter of flax fibres

Fig 27 demonstrates the range in which the diameter of the flax fibre varies and the average
diameter of flax fibres is 70.645 µm.
The four week degradation pattern of flax fibres investigated by Axiotech and scanning
electron microscopes is shown in Fig 28
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Fig 28 Biodegraded flax samples

If we look at the samples with naked eye there seems minor change in the samples. This is
because of the two reasons, first the mass per unit area of the fabric is too high and secondly
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the fabric is blended with polyester fibres which shows very little or no effect of degradation.
But if we observe microscopic visuals then we come to know that the major portion of
cellulose have been degraded by the microorganisms.
5.1.4.3 Fourier transform infrared spectroscopy (FTIR)
The FTIR spectra of flax fibres are represented by Fig 29.
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Fig 29 FTIR investigation of biodegraded flax samples

The FTIR spectra of flax fibers shows intensive absorption in the region 1600-1720 cm-1
which is caused by stretching vibrations of carbonyl groups. It is known that the exact
position of these groups depends on their conjugation with benzene rings (in this case the
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position is lower than 1700 cm-1). In the case without conjugation the position is higher than
1700 cm-1. The other reason for the appearance of these bands can be the presence of some
impurities in the initial fibers, such as fats, waxes, and resins. Two intensive bands with
maxima at 2850 and 2918 cm-1 are attributed to deformation vibrations of C-H groups in
methyl and methylene groups [CH3, CH2, CH2-OH] belonging to cellulose as well as to
lignin. The shape of this band is not typical of cellulose, which usually exhibits threeshoulder band with a maximum at 2900 cm-1 in this region. Moreover, the band with a
maximum at 2900 cm-1 exhibits typical cellulose shapes (Arnaud Day, et al., 2005).
5.1.4.4 Thermogravimetric analysis (TGA)
Thermogravimetric analysis of flax fibres is carried out at 600ºC, the temperature is raised a
bit higher because of the presence of polyester fibres in the flax fabric but the temperature
ramp rate is kept the same as for the other, which is 10ºC per minute.

TGA ANALYSIS OF FLAX FABRIC BIODEGRADED WITH THE PASSAGE OF TIME
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Fig 30 TGA analysis of biodegraded flax samples

Fig 30 have very interesting curves at temperatures in the range of 350ºC and 450ºC. The first
bending in the curves at round about 350ºC shows the conversion of cellulose into carbon
dioxide, ash and complete evaporation of water. The second dip in the curves that ends at
round about 450ºC shows the start of melting of polyester fibres. It is clear from the graph
that the cellulose portion of the fabric has been degraded but not the polyester one.
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5.1.5 Wool
The biodegradational study of four weeks of soil burial experimentation on wool is as under.

5.1.5.1 Mass per unit area
The mass per unit area of wool is fabric is 198 gm/m2.
5.1.5.2 Visual and microscopic analysis
The average diameter of wool fibres is determined by the help of Axiotech microscope.

Fig 31 Diameter of wool fibres

Fig 31 shows the average diameter of wool fibres, which is 23 µm.
Four week degradational behavior of wool fabric examined by Axiotech and Scanning
electron microscope is shown in Fig 32.
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Fig 32 Biodegraded wool samples

The change in the wool fabric samples until two weeks is not prominent which shows the
resistance of the wool to the attack of microorganisms, but after two weeks the samples start
to degrade and at the end of the fourth week the degradation in the fabric is very prominent.

5.1.5.3 Fourier transform infrared spectroscopy (FTIR)
The FTIR investigation of four week samples of wool fabric is shown in Fig 33.
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Fig 33 FTIR investigation of biodegraded wool samples

It is clear from the FT-IR spectra that there is almost no change in the material after the first
week and degradation in material starts after that. The peak at 3067 cm-1 shows the presence
of amides, peak at 1631 cm-1 is due to the (stretching of CH2-NH2 of) primary amines. The
spectra of first week to fourth week samples show that with the increase in degradation time
the representative functional groups of wool start to degrade and convert into biomass, that’s
why their absorbance of infrared decreases.
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5.1.5.4 Thermogravimetric analysis (TGA)
The Thermogravimetric analysis of biodegraded wool samples is shown in Fig 34.

TGA ANALYSIS OF WOOL FABRIC BIODEGRADED WITH THE PASSAGE OF TIME
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Fig 34 TGA analysis of biodegraded wool samples

This analysis shows that wool is very much resistant to the attack of microorganisms and
after four weeks the samples are not biodegraded too much.
5.1.6 Polyester
It is a synthetic fiber with very uniform structure, which makes it difficult for the
microorganisms to entre into the fibers structure and causes any kind of damage. The sample
that was taken for the study is a non-woven fabric and its four behavior when place in soil is
as under.
5.1.6.1 Visual and microscopic analysis
The first parameter of the polyester fibres that has been check is the diameter by the help of
Axiotech microscope.
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Fig 35 Diameter of polyester fibres

Fig 35 shows the graphical representation of the data collected by measuring diameter of
polyester fibres and the average diameter of non-woven polyester fibres is 41.21 µm.
The microscopic investigation of polyester fabric samples when buried in soil for four weeks
is shown as under.
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Fig 36 Biodegraded polyester samples
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Fig 36 shows that polyester fibres are not affected by microorganisms at all. This is because
of the crystalline structure of microorganisms which did not permit the microorganisms to
entre into the fibres and damage them.
5.1.6.2 Fourier transform infrared spectroscopy (FTIR)
The FTIR spectra of non-woven polyester fabric samples are shown in Fig 37.
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Fig 37 FTIR investigation of biodegraded polyester samples

The FT-IR spectra of polyester fibers show no change in the structure of fibers. The sharp
peak near 1700 cm-1 represents the presence of ester in the material which is the characteristic
functional group of polyester.
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5.1.6.3 Thermogravimetric analysis (TGA)
Thermal analysis of polyester fabric samples is elaborated in Fig 38.

TGA ANALYSIS OF NON-WOVEN POLYESTER FABRIC BIODEGRADED
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Fig 38 TGA analysis of biodegraded polyester samples

The analysis shows no change in weight loss percentage even when the sample is buried in
soil for two weeks and it will remain same for shorter period of times.
5.2 No direct contact of samples with soil
5.2.1 Cotton
The average weight reduction percentage of four hydrophilic samples and two hydrophobic
samples when taken out of the soil is graphically represented as;
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Fig 39 Weight loss of cotton fibres in three months

The results after three months show that there is not a great difference in the degradational
behavior of cotton whether it is placed in hydrophilic or hydrophobic PP and PE bags. Fig 39
shows that during the first month the loss in fabric sample is much higher as compared to the
second and third month. This is because in the beginning the amount of cellulose is much
higher in the fibres but in the end there left only the minerals and some other impurities
which were not affected by microorganisms.
5.2.2 Jute
The results of three month soil burial experiments on jute fibres are represented graphically
as under.
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Fig 40 Weight loss of jute fibres in three months
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The loss in the weight of jute fibres is irrespective of the nature or type of the bags in which
the fibres are sealed. As most of the portion of jute fibres consist of cellulose, so it follows
the same pattern as cotton but has more reduction in mass than cotton during the first month.
5.2.3 Linen
The weight loss percentage of linen fibres for three months is shown in Fig 41.
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Fig 41 Weight loss of linen fibres in three months

The graph shows that cellulose is attacked by microorganisms in the very first month and
weight loss is much higher as compared to the remaining two months as in the end there left
no cellulose and utilized by microorganisms in the first month.
5.2.4 Flax
Three months biodegradational study of flax fibres is as under.
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Fig 42 Weight loss of flax fibres in three months
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The weight loss of flax fibres is little less but the factor that hindered the weight loss
percentage is the presence of polyester fibres. Microorganisms have consumed the cellulose
of flax but not the polyester fibres.
5.2.5 Wool
The degradational behavior of wool fibres for three months is measured and shown in Fig 43.
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Fig 43 Weight loss of wool fibres in three months

According to Fig 43 wool fibres resisted the attack of microorganisms and it is also clear
from the Fig 43 that microorganisms damages wool fibres only in hydrophilic condition and
their ability to biodegrade wool fibres in hydrophobic conditions is too low. The weight loss
in negative digits means no weight loss but gain in weight due to the attachment of micro
particles of soil.
Wool is made up of special proteins called Keratin and has a greater resistance to damage
because of the two reasons. The first reason is surface of wool which is covered by tough
water repelling membrane and stops the penetration of microorganisms and enzymes into the
fibre. The second reason is the highly cross linked structure of keratin, which has high
concentration of sulphur crosslinks (Johnson G.A.N., et al 2003).
So these two factors influence a lot in the biodegradation of wool.
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5.2.6 Polyester
Biodegradational effects on polyester fibres in three months is graphically represented as,
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Fig 44 Weight loss of polyester fibres in three months

Fig 44 shows that polyester fibres are not affected by microorganisms at all. The negative
percentage of weight loss is just because of the small particles of soil attached to the bags
containing fibres.
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6 Conclusions
The biodegradation of fabric samples (cotton, jute, linen, flax, wool, polyester) under the
attack of microorganisms present in the soil is studied for three months and the changes that
occurred in the samples is measured by different scientific methods and approaches. After all
this the conclusions that could be derived are as follows.
As most of the fibres that were used to study biodegradation are natural and their major
portion consist of cellulose so it was quite difficult to judge them that which one is more
quickly biodegraded than the other while using the first technique in which the fabric are in
direct contact with soil. But if we observe the pattern degradation of fibres when they are not
in direct contact with soil then we see that Jute and Linen are more biodegraded than other
cellulose containing fibres like cotton.
But if we look at the results cotton seems to be damaged much quicker than jute in soil but
the reason why jute is rated more biodegradable than cotton is because of the nature of the
two fabrics used. As jute has higher mass per unit area than cotton so visually it appeared that
jute is less degraded than cotton but when we put both the fabrics in form of fibres in bags at
that time the weight loss percentage of jute is higher than cotton which means that jute has a
higher degradation rate than cotton.
The case of linen is almost the same as it has much less mass per unit area than jute.
The cellulosic portion of Flax-Polyester blend is attacked by the microorganisms but the
other synthetic part remains the same and it can not be compared with the cellulosic fibres
mentioned above.
Wool is quite resistant to the attack of microorganisms because of the molecular structure and
the surface of wool. These two factors make it quite difficult for the microorganisms present
in the soil to penetrate into the structure of wool and make it less biodegradable.
Polyester is synthetic fibre and microorganisms can not degrade it, this is what we concluded
from the experiments.
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