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ABSTRACT: Biodegradability of cellulose fabrics was
evaluated by use of a soil burial test, an activated sewage
sludge test, and an enzyme hydrolysis. Surface changes after
biodegradation were observed by optical microscopy. From
X-ray diffraction analysis (XRD), changes in the crystallini-
ties and the internal structures as a result of degradation
were also investigated. It was shown that biodegradability
decreased in the following order: rayon > cotton >> acetate.
Rayon fibers, which have a low crystallinity and a low
degree of orientation, showed the highest biodegradability
in most cases. However, in spite of its low crystallinity,
acetate fibers exhibited very low biodegradability, probably
because of the presence of hydrophobic groups in its struc-
ture. On the other hand, linen showed an inconsistent be-

havior in that it had the highest biodegradability in the soil
burial test, but a lower biodegradability than that of cotton
in the activated sewage sludge test. XRD analysis revealed
that there was a slight increase in the crystallinity of linen,
cotton, and rayon fabrics at the initial stage, but a continuous
decrease thereafter. From the correlation analysis, it was
revealed that the biodegradability of cellulose fabrics was
closely related to the moisture regain of the fibers, which
reflects the hydrophilicity and internal structure of the fibers
at the same time. © 2004 Wiley Periodicals, Inc. ] Appl Polym Sci
94: 248-253, 2004
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INTRODUCTION

When textiles are buried in soil, soil-resident microor-
ganisms take part in the degradation of textile mate-
rials, which is called biodegradation, and the biode-
gradability is often used as a standard measurement
for the environmental friendliness of textile products.

The biodegradability of textiles is expected to be
influenced by such factors as crystallinity, degree of
orientation, the degree of polymerization, hydrophi-
licity /hydrophobicity of textile materials, condition of
soils where materials are buried, and the species of
microorganisms. Previous studies'* about the biode-
gradability of polymers have shown greater biode-
gradability in polymers of lower molecular weight,
lower crystallinity or orientation, and higher hydro-
philicity.

Cotton and linen fibers have three hydroxyl groups
(-OH) in repeating groups of the molecules, and also
are known to have relatively high crystallinity and
orientation. On the other hand, regenerated cellulose
fibers such as rayon and acetate have lower crystallin-
ity and a more amorphous region. Rayon is also
highly hydrophilic, like most of the cellulose fibers,
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but acetate is less hydrophilic than other cellulose
fibers because of the substitution of acetyl groups
(-COCHs;) for some of the hydroxyl groups in the
molecules.”®

Cellulose fibers, widely used as various textile prod-
ucts, have been thought to be environmentally
friendly fibers in the sense that they are known to be
readily degraded by soil microorganisms when they
are buried. However, all cellulose fibers are not char-
acterized by the same biodegradable behavior because
of the differences in chemical and physical character-
istics. Cotton, linen, rayon, and acetate all contain
celluloses but differ in chemical compositions, crystal-
linity, the degree of polymerization, and manufactur-
ing processes. In addition, each fibrous material has
different noncellulose content and composition.” All
these differences would influence the degradation be-
havior of cellulose fibers, resulting in different biode-
gradabilities.

Biodegradability of cellulose fibers, as in other tex-
tile materials, could be measured by soil burial test,
activated sludge test, and enzymatic hydrolysis test. In
1960-1970, a number of studies were conducted on
textile biodegradation, using various microorganisms,
by Bati and Bloch,'® Meyers and Scott,'” and Lang-
vad.'® Charpentier'® used the soil burial test in a study
of textile biodegradation. However, little study was
done on the evaluation of cellulose biodegradability as
an overall evaluation method for the environmental
friendliness of textile products.
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TABLE 1
Specification of Specimens
Yarn count
2
Yarn number (5 X 5cm?) Thickness Weave
Fiber Yarn type Weft Warp Weft Warp Weight (g/m?) (mm) construction
Linen Staple 25Lea (66tex) 25Lea (66tex) 180 172 250 =5 0.63 Plain
Cotton Staple 20tex 20tex 141 135 100 =5 0.29 Plain
Rayon Filament 13tex 13tex 175 109 75+5 0.19 Plain
Acetate Filament 11tex 11tex 228 151 835 0.13 Plain

The biodegradation process of textiles is profoundly
affected by the environment where microorganisms
exist, which makes it difficult to standardize the test
method. Therefore, we will need an overall investiga-
tion of biodegradation data resulting from various test
methods to determine the environmental friendliness
of textile products.”® Moreover, we lack the informa-
tion regarding the structural changes of cellulose fi-
bers occurring in the degradation process, where the
changes in chemical composition or physical charac-
teristics are expected to take place.

Therefore, the biodegradability of cellulose fibers
was measured by various test methods such as the soil
burial test, activated sludge test, and enzymatic hy-
drolysis test, after which the degradation behaviors
based on these test methods were compared. Changes
in the internal structure of samples were examined by
X-ray diffraction (XRD) according to the biodegrada-
tion time. In addition, this study is expected to pro-
vide basic information for the research about the en-
vironmental friendliness of cellulose-made textile
products.

EXPERIMENTAL
Specimens

The specimens were cotton, rayon, and acetate stan-
dard test fabrics prescribed in KS K 0905 (Korean

Standards Association, Seoul, Korea). Linen was ob-
tained at the market (Table I).

Chemicals

The enzyme used for hydrolysis test was cellulase
from Trichodema viride. The chemicals used for the
tests were extra pure or premium grades.

Methods
Evaluation of biodegradability

Activated sludge test'®. Relative biodegradability in the
activated sludge test was estimated from the ratio of
the actual amount of carbon dioxide evolved to the
theoretical amount of carbon dioxide to be evolved,
according to ASTM D 5209-92. Carbon dioxide
evolved (in mg) was obtained by titration with 0.05N
HCL. Percentage carbon dioxide evolved is calculated
as follows:

mg CO, produced

Precentage CO, = mg CO, theoretical X 100

B 1.1 X mL HCI X 12
44 X total carbon of specimen %
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Figure 1 Biodegradability by percentage CO, from activated sludge test. [Experimental period: (A) August 17 to September

10; (B) November 2-28.]
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Figure 2 Biodegradability from decrease ratio in tensile strength of soil burial test. [Experimental period: (A) August 8 to
September 5 (average temperature: 26.5-22.5°C); (B) September 20 to October 23 (average temperature: 7.0°C).]

Soil burial test'. According to AATCC Soil Burial
Method 30-1993, natural soil was used to fill a box to
a depth of 11 cm. Each sample was cut into 2.5 X 15
cm pieces, after which the tensile strength of samples
was measured; samples were then buried in the soil at
3 cm depth and allowed to degrade for 28 days. Dur-
ing the degradation period, water was supplied at a
regular interval to maintain the moisture regain of soil
at 25 *£ 5%. After degradation, samples were rinsed
with distilled water and dried, and the tensile strength
of samples was measured. Biodegradability was eval-
uated from the decreasing rate of tensile strength.
Enzymatic hydrolysis. Specimens (25 mg) and acetate
buffer (2 mL; acetic acid/sodium acetate, pH 5.00)
were placed in a test tube and 1000 CU (cellulase unit)
of cellulase was added. After degradation was al-
lowed to proceed in the mixture in an incubator at
37°C for a specified time, the mixture was filtered
through a membrane (0.2 wm thick) and the amount of
total organic carbon (TOC) dissolved in the filtrate
was measured. Remaining specimens after membrane
filtering were passed through a glass filter (No. 3) and
dried. The weight loss ratio was calculated using the
weight of specimen before enzyme hydrolysis and
weight of the remains.

A

S

Weight loss = X100

where A is the weight of the specimen before enzyme
hydrolysis and R, is the weight of remains after en-
zyme hydrolysis.

Observation of surface change. After soil burial tests, the
surface changes after biodegradation were observed
by optical microscopy (magnification X100; Model
EHS204752, Olympus, Osaka, Japan).

Changes of internal structure'

The changes in the specimen crystallinity and internal
structure as a result of degradation were also investi-

gated by using an X-ray diffractometer (M18XHF-
SRA, Mac Science Co., Roswell, GA).

RESULTS AND DISCUSSION
Biodegradability of cellulosic fibers
Biodegradability from activated sludge test

Figure 1(A) and (B) represent percentage CO, of cellu-
lose fabrics measured in two different periods by the
activated sludge test. Here the percentage CO, from the
activated sludge test is an index of biodegradability.
Rayon showed the highest percentage CO,, and the
amount of CO, evaluation decreased in the order of
rayon > cotton > linen > acetate. Cotton, despite its
great hydrophilicity, showed lower biodegradability
than that of rayon because of its higher crystallinity than
that of rayon. Linen has a highly crystalline and very
well orientated structure, by which microorganisms
were hindered from gaining access to the internal region
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Figure 3 TOC (total organic carbon) of water-soluble com-
pounds produced by enzymatic hydrolysis for 8.5 h (37°C,
pH = 5.00).
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Figure 4 Microscopic photographs of specimens from soil burial test.

of fibers, thus resulting in low biodegradability. Acetate
showed the lowest biodegradability, regardless of its low
crystallinity, and this could be explained by the fact that
quite a few hydroxyl groups in acetate molecules were
replaced by hydrophobic acetyl groups.

The result from the second experiment [Fig. 1(B)]
showed the lower amount of CO, evaluation and
smaller deviations, even though both experiments
were performed at the same temperature (30 * 2°C).
This phenomenon could be explained by the variance
in strains and number of microorganisms exiting in
sludge, attributed to the difference in the collecting
period.

Biodegradability from soil burial test

Decreasing ratio (%) in tensile strength of degraded
samples was measured by soil burial test and the
results are presented in Figure 2 as an index of biode-
gradability. In the two sets of repeated experiments,
linen showed the highest biodegradability. Acetate, in
particular, kept the original shape even after the other
sample fabrics were too degraded and dissociated to
measure the tensile strengths of fabrics.

The decreasing ratio in tensile strength of samples
(except linen), tested by this method, showed a similar
trend as that of samples in the activated sludge test.
Linen, however, obtained different results from those
in sludge test methods, showing the highest biode-
gradability. Linen became too degraded and damaged

to measure tensile strength after 12 days in the first
experiment, and after 16 days in the second experi-
ment. This may probably be because linen has the
largest portion of noncellulose ingredient, including
lignin, which provides a favorable place to break into
the internal structure for annelids, arthropods, as well
as microorganisms resident in soil. Small animals like
earthworms were actually found only from the buried
linen.

Results from the first and second experiments
showed a similar tendency except in the biodegrada-
tion rate, which could be caused by the changes of
laboratory conditions, such as temperature and hu-
midity, as the season changes while the experiments
were being performed. Microorganisms in soil are
generally more active in higher temperature and hu-
midity; therefore the result from the first experiment
conducted in summer obtained a higher degradation
rate and biodegradability than those from the second
experiment performed in winter, during which the
temperature and humidity are lower. Of particular
interest from the second experiment is that we ob-
served the induction period where biodegradation
barely occurred at the initial stage, and a few days
later biodegradation started to occur. This induction
period was also observed in the activated sludge test.
From this phenomenon, we infer that it would take
some time for an environment, especially at low tem-
perature, to become prepared for biodegradation fa-
vorable to biodegradation.
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Degradability from enzymatic hydrolysis

Total organic carbon (TOC) was measured for the
enzymatic solution filtered from the sample residue
after being degraded by cellulase for a fixed time. TOC
represents the dissolved amount of aqueous organic
carbon in a solution; that is, organic materials in water
are oxidized to carbon dioxides, and the concentration
of carbon dioxides is quantified for the analysis of
total carbon concentration. In the enzymatic degrada-
tion, insoluble cellulose is degraded into aqueous glu-
cose by cellulase, and this glucose solution can be
quantified by TOC. Total organic carbon is deter-
mined by the difference between the total carbon (TC)
and inorganic carbon (IC) of the measured solution.*

TOC values of cellulose samples degraded for 8.5 h by
cellulase are illustrated in Figure 3. TOC was the greatest in
rayon and the TOC values decreased in the order of rayon
> cotton > linen > acetate as in the activated sludge test.
Generally, enzyme gains access more easily into the amor-
phous region than into the crystalline region. Rayon has a
relatively greater noncrystalline region than that of other
cellulose fibers, and that would be the main reason for the
highest degradability of rayon fibers. Cotton and linen,
which have almost twice the crystallinity of rayon, showed
lower TOC values. Acetate, however, in spite of the lowest
crystallinity, showed the lowest enzymatic hydrolysis rate
among all of the tested cellulose fibers. This would be
attributed to the hydrophobic nature of acetate, in which
cellulase has greater difficulty in reaching acetate molecules
than in other samples.
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Figure 5 X-ray diffraction pattern of specimens: (A) linen; (B) cotton.

Appearance change

Figure 4 shows the microscopic photographs (magni-
fication X100) of biodegraded specimens by the soil
burial test. We were able to observe that microorgan-
isms including fungi appeared on the surface of the
fibers with the passing of time.

Linen developed more fungi than other samples
and exhibited the most serious shape deformation
caused by fiber damage. Cotton and rayon samples
also formed quite a few fungi and their shape was
changed and damaged as burial time developed.
Acetate showed the least amount of fungi formed and
the least shape deformation as time passed because of
its slowest rate of degradation.

Changes of internal structures with degradation time

Figure 5 represents the XRD curves according to soil
burial time lapse, and Table II shows the crystallinities
calculated from the quantitative analysis'' through sim-
ple indices. It was observed for linen and cotton that the
major crystalline peak, which appeared around 26 = 22.8
by cellulose crystalline plane 002, went higher as degra-
dation time developed and then became lower again
after a certain period of time (Fig. 5); that is, crystallinity
increased at the initial stage and then decreased again
as time elapsed (Table II). When biodegradation
progresses, disordered noncrystalline region in the
internal cellulose fiber would be the first target for soil
microorganisms, thus increasing the crystallinity. Af-

TABLE II
Crystallinity of Specimens from Soil Burial Test
Specimen Control 4 days 8 days 12 days 16 days 20 days 24 days
Linen 73.7 77.8 76.4 77.6 — — —
Cotton 71.8 75.8 72.8 70.1 70.0 68.6 65.9

@ X-ray diffraction curve for crystallinity could not be produced because of severe damage in shape and degradation.
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TABLE III
Correlation Coefficients Between Biodegradabilities and Properties of Specimens

Moisture Cellulose
Crystallinity regain content
Biodegradability by activated Pearson’s coefficient of correlation 0.038 0.879 —0.131
sewage sludge test (1st) Level of significance (both sides) 0.962 0.121 0.869
Biodegradability by activated Pearson’s coefficient of correlation —0.100 0.704 —0.412
sewage sludge test (2nd) Level of significance (both sides) 0.900 0.296 0.588
TOC by enzyme hydrolysis Pearson’s coefficient of correlation —0.344 0.9567 0.054
Level of significance (both sides) 0.656 0.044 0.946

@ The coefficient of correlation is meaningful at the 0.05 level (both sides).

ter the amorphous region has been decomposed, mi-
croorganisms will attack the crystalline part. That can
explain why the crystallinity increased relatively at
first, and then decreased as degradation progressed.

Factors influencing biodegradabilities

The correlation was examined between actual biode-
gradability data and properties of specimens that were
presumed to affect biodegradability. The correlation
analysis was performed using SPSS statistical analysis
program and the results are presented in Table IIIL
Based on the results from correlation analysis, mois-
ture regain—as the property inclusive of crystallinity
and hydrophilicity—appeared as the most influential
factor on the biodegradabilities in this study. Crystal-
linity was exhibited to be negatively correlated, espe-
cially in the enzyme hydrolysis.

CONCLUSIONS

In this study, we investigated the boidegradabilities of
cellulose fabrics by various test methods such as acti-
vated sewage sludge test, soil burial test, and enzyme
hydrolysis. The external appearance of samples was
observed by microscope with the progress of degra-
dation time. We also analyzed the changes of internal
structure from X-ray diffraction patterns.

1. The biodegradability (activated sewage sludge
test, soil burial test, and enzyme hydrolysis)
was greatest in rayon, which was followed by
cotton > acetate, in decreasing order. Linen,
however, showed inconsistent behavior. Al-
though showing the greatest biodegradability in
the soil burial test, linen exhibited lower biode-
gradability than that of rayon and cotton in
other tests.

2. From the microscopic observations, we ob-
served that the colors of the specimen surface
turned brown and black as a result of the action
of microorganisms.

3. Results from X-ray analysis revealed that crys-
tallinities of linen and cotton increased slightly
at the beginning, but decreased continuously
thereafter.

4. From the correlation analysis between the prop-
erties of cellulose fibers and the biodegradabil-
ites, moisture regains and biodegradabilities
were represented to be most closely correlated.
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