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Introduction 
Textile cellulose/polyester ýbres blends 
are used in many walks of life. Due to 
the combination of the advantages of 
natural cotton or viscose ýbres such as 
hygroscopicity, air permeability, soft 
handle, with advantages of polyester 
ýbres including high strength, stretch 
resistance, stain resistance, machine 
washability, wrinkle resistance and 
abrasion resistance, garments made 
from polyester/cellulose blends are 
comfortable, elegant and practical [1].

A great deal of waste is created at 
different stages of textile production, the 
amounts of which depend on production 
scale and consumption level. Taking 
into consideration ecological aspects, 
the utilisation of textile wastes which 
contain polyester and cellulose ýbres 
has become the problem which many 
research centres are focused on. Most of 
the utilisation methods so far used may be 
especially hazardous to the environment 
as a result of the emission of poisonous 
gases into the atmosphere or sewage 
to ground water. Therefore, ecological 
concerns have given rise to the search for 
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new solutions to make the reduction of 
environment pollution possible.

Special attention has been paid to the 
possibility of utilising PET/cellulose 
waste blends by the biological method 
with the application of enzymatic 
processes. This environment-friendly 
method was used for the utilisation of 
PET/cellulose waste fabrics and has 
been described in previous articles 
[2-5]. The method is based on the 
application of cellulolytic enzymes 
which catalyse the decomposition of 
1,4-b-glycoside bonds of the cellulose 
component to low molecular weight 
products such as cellobiose and glucose. 
After the biodegradation of the cellulose 
component from the PET/cellulose 
blends, the isolated polyester residue is 
suitable for repeated processing. 

This paper presents the continuation 
of the studies on the application of 
cellulolytic enzymes for bioutilisation of 
the cellulose component of PET/cellulose 
waste blends conducted in our institute. 
The scope of research investigations 
was broadened to include other objects 
such as knitted fabric wastes containing 
PET/cotton and PET/viscose ýbres, 
and the possibility of applying reused 
enzyme after cellulose hydrolysis was 
determined. 

Experimental Date 
Materials
In these studies, the commercial enzyme 
Econase CE (Rhºm Enzyme OY, Finland) 
originating from Trichoderma reesei 
strain was used for the biodegradation 
process. The characteristic of the enzyme 
is presented in Table 1. The following 
fabric waste blends (waste products) 
were used as raw materials:
Â a knitted waste blend of 50 wt.% 

polyester and 50 wt.% cotton ýbres, 
and

Â a knitted waste blend of 50 wt.% 
polyester and 50 wt.% viscose ýbres.  

In order to assist the diffusion of the 
enzyme into a cellulose structure, 
the waste samples were subjected 
to mechanical pre-treatment using a 
Werner-Pþeiderer tearing machine.

Methods 
After mechanical pre-treatment, the 
samples of the blend containing 4 wt.% 
cellulose ýbres were treated with a 
cellulolytic enzyme solution (Econase 
CE) in a 0.05M sodium acetate buffer 
(pH 4.8) at the temperature of 50¯C, 
during 8 to 96 hours. The enzymatic 
reaction was carried out in Erlenmeyer 
þasks with a capacity of 250 cm3 with 
continuous shaking, and in reactors of 
6 dm3 volume with stirring [6]. Next, 

Table 1. Characteristics of the enzyme used. 

Enzyme type 
(strain) Producer

Enzyme activity, Unit/ml Reducing 
sugar 

content, ɛ 
mol/cm3

Endo-1,4-ɓ-
glucanase

ýlter paper 
(FPA) ɓ-glucosidase

 Ekonase CE 
(Trichoderma reesei)

Rºhm 
Enzyme 

Finland Oy
2330 137 22 114



FIBRES & TEXTILES in Eastern Europe   July / September 2003, Vol. 11, No.  3 (42) FIBRES & TEXTILES in Eastern Europe     July / September 2003, Vol. 11, No.  3 (42)

the residual ýbres were separated from 
the enzyme solution by ýltration with 
a B¿chner funnel, washed once with 
hot water (90¯C), then twice with cold 
distilled water, and dried in air. 

Reuse of enzyme solution for cellulose 
pulp treatment in the Celsol method 
The enzyme solution after bioutilisation 
of PET/cellulose knitted wastes was 
reused for the modiýcation of cellulose 
pulp useful for ýbre manufacture 
according to the original Celsol method 
[7] elaborated in Institute of Chemical 
Fibres (IWCH), Ğ·dŦ, Poland. 

After mechanical pre-treatment, the 
sample of initial cellulose pulp (300g) 
was subjected to recycled enzyme action. 
The biomodiýcation of the cellulose pulp 
was carried out in a 10 dm3 glass reactor 
equipped with a stirrer. The parameters 
of the biomodiýcation process were as 
follows:
Â concentration of cellulose in solution 

of 5 wt.%;
Â 1,4-b-endoglucanase activity 2.37 J/ 

cm3;
Â time 8 h;
Â temperature 50¯C;
Â pH 4.8.
After enzymatic hydrolysis, the samples 
were ýltrated with the B¿chner funnel, 
washed with boiled distilled water many 
times, and dried in the open air [7]. 

Preparation of spinning solution and 
ýbre formation 
An alkaline solution with a polymer 
content of 6 wt.% was prepared from 
biomodiýed cellulose pulp. The 
dissolving process was carried out in a 
Kohorn-type mixer at a temperature of 
8¯C over 60 min. After deaeration, the 
alkaline cellulose solution obtained was 
used for ýbre formation [8]. 

Analytic methods 
The activity of the cellulolytic enzyme 
was measured by the colorimetric method 
according to the method described in 
[9]. The weight loss of cellulose was 
determined by the gravimetric method. 
The concentration of reducing sugars was 
determined by the DNS (dinitrosalicylic 
acid) method with glucose as a standard 
[9]. The a-cellulose content was 
determined by the method described 
in [10]. The water retention value 
(WRV) was measured gravimetrically 
[11]. The average degree of cellulose 
polymerisation (DP) was measured by 
the viscometric method in a solution of 

the FeTNa complex also known as the 
EWNN complex [12]. The degree of 
solubility of cellulose (Sa) was estimated 
using the procedure described in [14]. 
The mechanical properties of cellulose 
ýbres were determined according to 
[13]. A microscopic analysis of cellulose 
ýbres was performed using a Biolar 
polarisation microscope equipped with 
the IMAL computer image analyser. 

Results and Discussion 
Facilitating enzyme diffusion into the 
capillary structure of cellulose plays 
a key role in biodegradation process. 
Thanks to suitable mechanical pre-
treatment of cellulose it is possible to 
extend the internal cellulose structure 
and improve the interaction between 
enzyme and substrate molecules. The 
positive changes in cellulose structure 
which occurred during mechanical pre-
treatment were observed and described 
in a previous article [4].

At this stage of our studies concerning 
the biodegradation of cellulosic ýbres 
in knitted waste blends, mechanical 
pre-treatment was also applied. The 
biodegradation process was carried out 
for a cellulose concentration of 4 wt.% 
(in enzyme solution), during 8-48 hours 
for PET/viscose and 48-96 hours for PET/
cotton blends, using enzyme preparation 
(ECONASE) with 1,4-b-endoglucanase 
activity = 75.8 U/cm3 and 336.0 U/cm3 

and ýlter paper activity = 4.2 U/cm3 and 
14.0 U/cm3 . The degree of cellulose 
hydrolysis was estimated on the basis of 
weight loss of the cellulose component, 
as well as the amount of reducing sugar 
content in the enzyme solution after 
reaction. The effect of reaction time and 
enzyme activity on the effectiveness of the 
biodegradation process of cellulose ýbres 
in PET/viscose and PET/cotton knitted 
wastes is presented in Tables 2 and 3.

As expected (see Table 2), the enzyme 
demonstrated a high effectiveness for 
PET/viscose samples and the weight 
loss of cellulose component was 93 
wt.% after 20h of reaction. An increase 
in enzyme activity has no effect on the 
biodegradation process. When comparing 
the results obtained (see Table 3), it was 
found that for PET/cotton samples the 
enzyme indicated lower effectiveness. 
In this case, the maximum enzymatic 
degradation of cellulose was 57 wt.% 
after 96 h of reaction. 

Thus, the biodegradation process of 
cellulose in knitted fabric blends was 
carried out on a small scale using the 
bath-shaking method. Our studies aimed 
at scaling up the process by applying a 
higher amount of the substrate. A glass 
reactor of 10 dm3 capacity was used in 
this stage of cellulose biodegradation. 
The cellulose concentration was 4 wt.%, 
and the process was carried out in 
dynamic conditions with mixing over 24 

Table 2. The effect of enzymatic reaction time and enzyme activity on the yield of cellulose 
hydrolysis in PET/viscose blend. 

Symbol of 
sample

Activity of 
endo-1,4-ɓ-
glucanase  

Hydrolysis 
time  

Reducing 
sugar 

content  

Sacchariýcation 
degree 

Weight loss calculated on:
fabric 
weight

viscose ýbre 
weight 

U/cm3 h mg/cm3 % % %
W1

75.8

8 20.6 51.9 28.8 57.6
W2 15 29.6 73.9 41.3 82.6
W4 20 32.1 80.2 46.3 92.6
W6 24 39.8 99.5 50.0 100.0

W3
336.0

15 33.4 83.4 46.3 92.6
W5 20 37.4 93.6 48.0 96.0

 
Table 3. The effect of enzymatic reaction time and enzyme activity on the yield of cellulose 
hydrolysis in PET/cotton blends. 

Symbol of 
sample

Activity of 
endo-1,4-ɓ-
glucanase 

Hydrolysis 
time 

Reducing 
sugar 

content 

Sacchariýcation 
degree 

Weight loss calculated on:
fabric 
weight

cellulose ýbre 
weight

U/cm3 h mg/cm3 % % %
B1

75.8
48 15.9 39.8 21.9 43.8

B3 72 16.9 42.1 22.5 45.0
B5 96 19.2 48.1 28.4 56.8

B2
336.0

48 15.6 39.0 21.5 43.0
B4 72 17.9 44.9 22.9 45.8
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hours for the PET/viscose and 72 h for 
the PET/cotton samples (Table 4).

The data presented in Table 4 show 
that the efýciency of the scaled-up 
process using a glass reactor was the 
same as in the small lab scale, and the 
sacchariýcation degree of cellulose was 
about 99 wt.% for the PET/viscose and 
approximately 45ï54 wt.% for the PET/
cotton blends. Multiple repeating of this 
process under the same conditions gave 
excellent repeatability of the results. The 
above studies conýrmed the possibility 
of a scaled-up biodegradation process in 
dynamic conditions by using a 10 dm3 
reactor.

The biodegradation process with enzyme 
application is expensive, due to the 
high price of the enzyme. Therefore, 
the possibility of repeated use of the 
same enzyme would appear to have a 
substantial economical aspect, which 

allow for a considerable decrease in 
the cost of the process. Our previous 
studies [15] indicated that an enzyme 
recycled by ultraýltration and applied 
for a repeated cellulose biodegradation 
process was very effective. The next 
stage of our investigations concerned 
research into new, alternative 
possibilities of secondary reuse of the 
enzyme. The alternative possibility is 
the application of the recycled enzyme 
in the transformation of cellulose pulp 
for the manufacture of cellulose which 
directly dissolves in an aqueous alkaline 
solution suitable for ýbre formation 
according with the Celsol method [7]. 
The effectiveness of the enzymeôs action 
was estimated on the basis of weight 
loss of the cellulose pulp, which reduces 
sugar content and especially cellulose 
pulp solubility. Some properties of the 
cellulose pulp (California pine cellulose) 
modiýed by the recycled enzyme are 
given in Table 5. 

As a result of the modiýcation of 
cellulose pulp using the recycled enzyme, 
the solubility (Sa) of cellulose in 9 wt.% 
aqueous sodium hydroxide increases 
to 99%. The studies also indicated that 
the recycled enzyme used earlier in the 
biodegradation process of knitted wastes 
is very effective in creating suitable 
properties of cellulose pulp for directly 
dissolving cellulose and the ýbres 
manufactured from them. 

At the same time, some properties of the 
ýbres formed from alkaline solutions of 
modiýed cellulose pulp (Table 6) were 
also determined (Figure 1, Table 7). On 
the basis of microscope observations, it 
has been found that the ýbres obtained 
are characterised by small development 
of the edge line and a lack of distinct 
skin-core structure. The mechanical 
properties of cellulose ýbres are 
presented in Table 7. This data shows 
that cellulose ýbres made from modiýed 
cellulose pulp are characterised by good 
tenacity (19.4 cN/tex) and an elongation 
of about 13%. The research carried out 
showed the possibility of secondary use 
of the enzyme for the biotransformation 
of cellulose pulp, and proved that such 
a form of directly dissolved cellulose is 
suitable for ýbre manufacture according 
to the original Celsol method [7] 
elaborated in IWCH (Ğ·dŦ, Poland) 
using a high-laboratory spinning line.  

Conclusions 
Â Enzymatic treatment of the polyester-

cellulose knitted fabric blends resulted 
in a ýnal product characterised by 93% 
reduction of the cellulose component 
after 20 h of biodegradation process 
for PET/viscose samples. In the 
case of biodegradation of the PET/

Table 4. Effectiveness of biodegradation process for PET/viscose and PET/cotton blends 
in high lab scale. 

Symbol of 
sample

Endo-1,4-ɓ-
glucanase 

activity 

Reducing 
sugar 

content 

Sacchariýcation 
degree

Weight loss calculated on: 

fabric weight  viscose ýbre 
weight 

U/cm3 mg/cm3 % % %
DW - PET/viscose 75.8 39.4 98.4 49.7 99.4
DB - PET/cotton 75.8 20.8 51.9 27.2 54.5

Table 5. Some properties of cellulose biomodiýed by recycled enzyme (Sa - solubility of 
cellulose in 9 wt.% aqueous sodium hydroxide). 

Type of cellulose 
a-cellulose 

content WRV DPv Sa Weight loss 

% % - % %

Biomodiýed 
cellulose 93.4 99.8 350 99.0 5.1

Table 6. Some properties of alkaline solution prepared from cellulose biomodiýed by recycled 
enzyme (Kw - solution ýltration index, Kw* - solution ýltration index corrected considering 
viscosity). 

Symbol of cellulose 
alkaline solution Kw Kw*

NaOH Viscosity Ŭ-cellulose 
content 

Content of 
insoluble 
particles

wt.% cP % %

A-10 3954 294 8.01 5400 5.69  0.19

Table 7. Mechanical properties of cellulose ýbres. 

Type of parameter Unit Celsol ýbres

Linear density dtex 2.55
Breaking force cN 4.95
Coefýcient of variation of breaking force % 26.5
Elongation % 13
Coefýcient of variation of elongation % 13.8
Tenacity cN/tex 19.4

Figure 1. Microphotos of the ýbresô cross-
sections. 
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