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Abstract
The inert chemical structure of poly(ethylene) terephthalate (PET) prevents its dyeability with reactive dyes. In this study, 
the reactive dyeability of polyester fabrics after enzymatic surface modification with different lipases and cutinase was 
investigated. The reason for the hydrophilicity of the fiber after enzymatic treatment was thought to be functional groups 
produced after this process, but their peak intensities in Fourier transform infrared spectroscopy (FTIR) were low and 
shaded by other functional groups. Scanning electron microscopy (SEM) showed that the enzymatic treatment did not 
cause any surface damage. A slight staining (K/S = 0.30) of the PET fabrics with the reactive dye occurred after enzymatic 
treatments. Moreover, the fastness to washing and rubbing of the reactive dye stained fabrics were good to excellent. 
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Introduction
In the textile industry, polyester is one of the most essential 
fibers because of its excellent properties like high mechanical 
strength and wrinkle resistance, low abrasion and shrinking, 
recyclability, versatility, and resistance to most chemicals.1,2 
The most commonly-used polyester fiber is made of the 
linear polymer poly(ethylene terephthalate) (PET). PET, 
obtained by polymerization of terephthalic acid (TPA) or 
dimethyl terephthalate (DMT) with ethylene glycol, is tightly 
packaged due to interactions between macromolecules, 
resulting in resistance to moisture, dyes, and solvents, and 
superior mechanical properties.3

PET, like most synthetic fibers, is highly hydrophobic because 
of the lack of polar groups such as –OH, NH2, and –COOH.4 
The poor water absorption abilities of PET make it a challeng-
ing task for textile dyeing. Therefore, widely-used water-soluble 
dyes cannot be used in the PET dyeing process. For this reason, 
it is only dyed with disperse dyes.5 PET can be dyed using three 
methods: carrier, high-temperature, and thermosol methods.6 

Due to the stable chemical structure of PET, it is difficult to 
change the surface properties. However, surface modifica-
tion has been reported by various methods, such as corona 
discharge,7 plasma treatment,8–11 surface grafting polymer-
ization,12,13 admicellar polymerization,14 ozone treatment,15 
gamma and UV irradiation,16–19 and chemical modifica-
tion.20–23 Coating bioactive compounds could also achieve a 
surface-modified PET.24,25 The aim of most of these studies is 
primarily to increase the hydrophilicity of the PET. By sur-
face modifications of PET, not only can hydrophilicity, but 
also low moisture regain, the entanglement of fibers, and the 
static charge of PET materials, can also be improved.26–28 

Alternatively, regardless of being natural catalysts, enzymes 
can also achieve synthetic polymer modifications and func-
tionalization by catalyzing surface hydrolysis.29,30 Since the 
reaction is specific and limited in this biocatalytic method, 
the materials gain new properties without changing the bulk 
properties. Enzymatic reactions occur under mild conditions, 
so chemical and energy savings can be achieved.1 The nitrile 
hydratase enzyme increased polyacrylonitrile fiber dyeability 
and hydrophilicity by increasing the number of amidic groups 
in the fiber.31 Various lipases,32–37 cutinases,38–45 and esterases46–51 
obtained from different sources were also active on polyester. 

In this study, dyeability of PET fabric with reactive dyes after 
enzymatic treatment was investigated. Enzymatic treat-
ment was carried out by applying three different enzymes, 
single and combined at different concentrations, to raw PET 
fabrics. In the dyeing process, which was performed as the 
continuation of enzymatic treatment, a reactive dye was 
used at different concentrations. The effects of the enzymatic 
processes on hydrophilicity were observed. After the dyeing, 
color measurements, and the washing and rubbing fastness 
of the dyed fabrics were investigated. In addition to these, 
the structural and chemical changes induced by enzyme-
assisted surface hydrolysis of PET fabric were analyzed by 
scanning electron microscopy (SEM) and Fourier transform 
infrared spectroscopy (FTIR), respectively. 

Experimental 
Materials
Plain-weave 100% PET fabric, with fabric weight of 80 g/m2 
was procured from Engin Tekstil (Bursa, Turkey). Novo-
zymes supplied the lipase enzymes Stick Away (84 KLU-LV) 
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and Lipex Evity 100 L (100LCLU-SL/g), and cutinase, which 
was an R&D product of Novozymes.

The bi-functional dye Corafix Red ME-4B-P (C.I. Reactive 
Red 195) and Segapur RW for washing after reactive dyeing 
were supplied by Sözal Kimya (Bursa, Turkey). Di-sodium 
hydrogen phosphate (Na2HPO4) and sodium dihydrogen 
phosphate (NaH2PO4) used to prepare phosphate buffer were 
of analytical quality and were obtained from Merck. Sodium 
chloride (NaCl), sodium carbonate (Na2CO3), sodium bicar-
bonate (NaHCO3), and 100% acetic acid (CH3COOH) were 
of technical grade from Tekkim Kimya. All processes were 
conducted using an ATAÇ Mini Jet Dyeing Machine. 

Procedures
The study mainly consisted of three different processes. In 
these processes, the fabrics were dyed with reactive dye after 
being subjected to enzymatic treatment at various concentra-
tions with various enzymes. All experiments were repeated 
three times. In all wet processes, a 10:1 liquor ratio (LR) was 
used. Details of the processes are presented below.

Enzymatic Modification 
Enzymatic treatment was carried out by treating the PET fabrics 
with three different enzymes, single or combined. Enzymes   
were used at concentrations of 5% and 15% owf in single usage, 
and 5%, 10%, and 15% owf concentrations from each enzyme 

in combined enzymatic processes. Enzymatic processes were 
conducted at 70 °C for 45 min at pH 8. The alkalinity of the solu-
tion used in the enzymatic process was adjusted with phosphate 
buffer. Deactivation of enzymes was carried out by keeping the 
fabrics at 100 °C for 10 min after enzymatic treatment.

Reactive Dyeing
The alkalinity of the dyeing baths used in reactive dyeing pro-
cesses applied to enzymatically-treated samples was adjusted 
to pH 10.8 with carbonate-sodium bicarbonate buffer. Since 
it was not possible to perform dyeing in the absence of salt, 
NaCl was added at a concentration of 60 g/L in all dyeing 
baths. Fabrics treated with a single use of enzymes were dyed 
at a dye concentration of 5% owf, and combined enzymati-
cally-treated fabrics were dyed at a concentration of 10% owf. 
Dyeings were conducted at 90 °C for 60 min. The order of 
washing processes applied after dyeing was (1) cold, (2) warm, 
(3) boiling  with soap, (4) warm, and (5) cold rinsings. 

Table I shows the details of the various processes.

Analytical Methods 
Enzymatically-modified and dyed PET fabrics were character-
ized using the following methods.

Hydrophilicity
Water absorbency was measured according to DIN 53 924 (water 
absorption velocity of textile fabrics; capillary rise method).52

Fiber Surface Analysis
The surface morphologies of the untreated 
and treated PET fibers were examined by 
SEM, using a Tescan Vega3 SBU instrument. 
The specimen chamber working vacuum 
was at high-vacuum mode (9 × 10–3 Pa). The 
magnification value was around 810× for an 
accelerating voltage equal to 10 keV.

FTIR-ATR Spectroscopy
The infrared spectra of the modified and 
dyed PET fabrics were recorded by means 
of a Nicolet iS50 FTIR spectrophotometer 
run in attenuated total reflectance (ATR) 
mode. Each spectrum was obtained by 
averaging 16 runs. A diamond crystal 
was used for ATR measurements. Mea-
surements were performed at 20 °C and 
a relative humidity (RH) of 65% in the     
400-4000 nm wavelength range. Spectra 
were acquired at 4 cm–1 resolution.

Colorimetry
L*, a*, b*, C*, and h° values were mea-
sured using a Konica Minolta CM-3600D 
spectrophotometer (under D65 illuminant 
and 10° standard observer). Color strength 

Table I. 
Details of Enzymatic Modifications and Dyeings

Sample code Name of enzyme Enzyme conc. Dye conc.

K10
K11
K12
K13
K14
K15
K16
K17
K18
M10
M11
M12
M13
M14
M15
M16
M17
M18
C55
C56
C57
C46
C47
C48
C58
C59
C60

15%

Stick away

10%

5%

Process 1

Process 2

15%

Lipex

Cutinase

5%

10%

5%

Stick away

Lipex

Cutinase

15%

Stick away +Lipex + Cutinase

Process 3.2 Stick away +Lipex + Cutinase

Process 3.3 Stick away +Lipex + Cutinase

Process 3

Process 1.1

Process 1.2

Process 1.3

Process 2.1

Process 2.2

Process 2.3

Process 3.1

Process number

5%

5%

5%

15%
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(K/S) values were calculated using the Kubelka–Munk 	
equation (Eq. 1). 

					     Eq. 1

R is the decimal fraction of the reflectance of fabric, K is the 
absorption coefficient, and S is the scattering coefficient.53 

Fastness Testing
Fastness properties of the modified and dyed samples were 
determined according to standard methods of EN ISO 
105-C06/A1M (color fastness to domestic and commercial 
laundering), and EN ISO 105-X12:2002-12 (color fastness 
to rubbing).54

Statistical Analysis
Analysis of variance (ANOVA) was chosen to analyze the 
relative influences of parameters in the processes. A value of 
p < 0.05 was considered to be statistically significant.

Results and Discussion
Hydrophilicity 
Changes in the hydrophilicity (by water rising) of the PET 
fabrics after enzymatic treatments at 15% enzyme concentra-
tion are shown in Fig. 1.

The enzymatic modifications increased the hydrophilicity of 
the PET fabrics by ~50%-70% as compared to the untreated 
fabrics (Fig. 1). The rise in wicking height was thought 
to result from the –OH and –COOH groups formed by 
enzymatically-catalyzed ester bond cleavage.52 The extent of 
this reaction was seemingly limited since no loss of weight 
or tensile strength was monitored. When the enzymes were 

used alone or in combination, the effects on the hydrophilic-
ity of the fabrics were similar. This was another result that 
showed the enzyme’s effect was stinted. These results showed 
that enzymatic treatment could be used without weight loss 
to improve the hydrophilicity of PET fabrics. 

Morphological Characterization
Fig. 2 provides surface micrographs of the untreated 
and enzymatically-modified PET fabrics. The surface of 
untreated PET fabric was very clear and smooth (i.e., not 
damaged) (Fig. 2a). After enzymatic treatment, morpholog-
ical changes in the appearance of PET fibers was observed 
(Fig. 2b). The enzymatic treatment caused the surface to 
become rough, but it was limited. The presence of limited 
degradation was supported by the fabric weight loss after 
enzymatic treatment (0.01%). 

Spectroscopic Characterization
Fig. 3 shows the FTIR-ATR analysis of raw (untreated), 
combined enzymatic-treated, and C60 samples, and dye.  
The combined enzymatic process was conducted at 70 °C for 
45 min at pH 8 with a 15% concentration of each enzyme. 
The processes applied to the C60 sample were given in            
Table I previously.

For raw PET fabric, the peak at 1709 cm–1 was characteris-
tic for the stretching vibration of the C=O (carboxylic acid 
group).55 The stretching vibrations of C-O at 1089 and 	
1239 cm–1 also confirmed the presence of the ester linkages.20 
The stretching vibrations of the C-H bond in the phenyl 
rings were observed with a small peak at 1576 cm–1. C-C 
phenyl ring stretching showed a band at 1406 cm–1.56,57 Peaks 
at 2962, 2925, and 2857 cm–1 were assigned to asymmetric 

Fig. 1. Hydrophilicity of raw and enzymatically-treated polyester fabrics.
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and symmetric stretching CH2 (C-H).58 Peaks at 1339 and 
1016 cm–1 were attributed to the presence of carboxylic esters 
or anhydrides, and 870 cm–1 was attributed to C-C out-of-
plane bending vibrations of the benzene rings.59 The peaks at 
968 and 721 cm–1 were respectively assigned to the C=C and 
C-H bending of ethyl groups.60 Combined enzymatic pro-
cesses did not cause differences in the raw fabric (Fig. 3). In 
addition, there were no remarkable differences between the 
spectra of C60 and the others, except for the dye. This could 
be due to the coloring remained at the staining level (max. 
K/S = 0.30) due to the lack of functional groups formed on the 
fabric surface after enzymatic treatment. 

Color Measurements
Color coordinates of the samples after enzymatic treat-
ment and dyeing are shown in Table II. The use of enzymes 
in increased concentrations and in combination not only 
caused a decrease in the lightness values of the color, but 
also shifted the color to red and blue, and increased the 
color saturation. In Process 3, the effect of the increase in 
dye concentration on the color coordinates was thought to 
be greater than that of the enzymes. Although the concen-
tration of each enzyme tripled in Process 3.3 compared to 
Process 3.1, the changes were very limited. In general, it was 
observed that the changes in hue angles were very small, 
around one. Comparing color coordinates, it was seen that 
Lipex, a lipase, treatment had a little greater effect on the 
PET than the others. 

Fig. 2. SEM images of fabrics: (a) untreated and (b) C60.

Fig. 3. FTIR-ATR spectra of untreated and treated PET fabrics.

Table II. 
Color Coordinates of Samples

L* a* b* C* h°

K10 86.96 9.17 -3.85 9.94 337.20
K11 87.03 8.89 -3.68 9.62 337.54
K12 86.87 8.98 -3.91 9.79 336.49
K13 87.56 7.90 -3.30 8.57 337.32
K14 87.32 7.71 -3.06 8.30 338.34
K15 89.04 6.36 -2.46 6.82 338.83
K16 87.04 9.41 -3.79 10.14 338.05
K17 86.44 9.44 -3.71 10.14 338.56
K18 87.41 8.68 -3.37 9.32 338.77
M10 85.13 12.42 -4.97 13.37 338.18
M11 85.15 12.46 -5.14 13.48 337.59
M12 84.99 12.12 -5.08 13.14 337.25
M13 84.87 11.83 -4.62 12.70 338.68
M14 82.74 14.98 -6.05 16.15 338.01
M15 82.55 15.50 -6.51 16.81 337.21
M16 84.67 12.48 -5.33 13.57 336.87
M17 84.67 12.24 -5.21 13.31 336.94
M18 85.00 12.23 -5.07 13.24 337.48
C55 81.00 15.94 -6.14 17.08 338.95
C56 80.96 15.90 -5.82 16.93 339.91
C57 80.55 15.64 -6.22 16.83 338.30
C46 80.42 16.47 -6.57 17.73 338.26
C47 82.30 14.41 -5.37 15.38 339.57
C48 81.91 15.33 -5.89 16.42 338.98
C58 80.21 17.27 -6.43 18.43 339.58
C59 79.95 18.21 -6.61 19.37 340.06
C60 79.54 17.83 -6.73 19.05 339.32

Process 3.1

Process 3.2

Process 3.3

Process 1.1

Process 1.2

Process 1.3

Process 2.1

Process 2.2

Process 2.3
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Fig. 4 shows the effect of enzymatic modification with three 
different enzymes on K/S values for PET dyeing with the 
reactive dye. Increased enzyme concentration increased 
the K/S value even if it was a small amount, which was 
expected. Increased (threefold) concentrations of Stick Away 
and cutinase resulted in a ~50% increase in K/S value after 
dyeing the samples treated with these enzymes, while the 
increase using Lipex was ~100% (Process 1 vs. Process 2). 
In all processes, Lipex provided higher K/S values than the 
other enzymes. Statistically, the effect of increased enzyme 
concentration on K/S value was significant. Increases in dye 
and enzyme concentrations increased K/S values, but the 
coloring of the fabric still remained at the staining level; 
even though the enzymes were used in combination, the 
maximum K/S value obtained was 0.30. This was thought to 
be due to the ability of enzymes to form limited numbers of 
functional groups on the surface, which could not be seen in 
the FTIR-ATR analysis.

Washing and Rubbing Fastness
The ratings of washing and rubbing fastness of samples 
treated with enzymes as combined and dyed (Process 3) are 
shown in Tables III and IV, respectively.

Both fastness results of the samples obtained from reactive 
dyeing after enzymatic treatments were good to excellent. 

These fastness values could result from either the dye bond-
ing to the fibers or to the low color strength obtained after 
dyeing. Since it was not possible to dye the PET fabric with 
the reactive dye by any of the conventional methods, no 
comparison was applicable.

Conclusions
In this study, the dyeability of PET fabrics with a reac-
tive dye after enzymatic modification was investigated. 
Enzymatic treatment provided the fabric with a slightly 
hydrophilic surface. The FTIR-ATR spectra showed that 
the enzymatic-treated-dyed PET samples were not differ-
ent from those of the raw fabric. Moreover, no changes 
on the fiber surface after enzymatic treatment was also 
observed by SEM. Although the combined enzymatic 
processes performed before reactive dyeing with the 15% 
enzyme concentration provided the highest color strength 
(K/S = 0.30), this value was not yet sufficient to assure that 
the PET fabrics were dyed. The absence of coloration after 
reactive dyeing of untreated PET fabric could indicate that 
enzymatic surface modification occurred, albeit partially. 
In any case, the prolonged incubation period essential for 
enzymatic treatment was still the limiting factor. Addition-
ally, differences between polyesterases make it necessary 
to compare a greater number of enzymes. Furthermore, 

Fig. 4. Color strength values of enzymatically-treated and reactive dyed PET fabrics.

Table III. 
Washing Fastness of the Combined Enzymatically Treated Samples

Fade
Wo PAN PET PA CO CA

C55-C56-C57 5 5 5 5 5 5 5
C46-C47-C48 5 5 5 5 5 5 5
C58-C59-C60 5 5 5 5 5 5 5

Stain

Table IV. 
Rubbing Fastness of the Combined Enzymatically Treated Samples

Wet Dry
C55-C56-C57 4/5 5
C46-C47-C48 4/5 5
C58-C59-C60 4/5 5
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to work with different disciplines for increasing enzyme-
substrate interaction is essential. 

Acknowledgments
The authors express their sincere thanks for funding this 
study with the project “OUAP (MH)-2019/5 Pamuklu 
Materyallerin Reaktif ve Direkt Boyar Maddeler ile 
Boyanmasında Atık Yükünü Düşürecek Alternatif 
Yöntemlerin İncelenmesi” by the Scientific Research Projects 
Department of Bursa Uludağ University.

References
1. 	 Zimmermann, W.; Billig, S. In Advances in Biochemical Engineering/

Biotechnology; Nyanhongo, G., Steiner, W., Gübitz, G., Eds.; Springer: 
Berlin, Germany, 2011; pp 97–120. 

2. 	 IHS Markit. https://ihsmarkit.com/products/polyester-fibers-
chemical-economics-handbook.html (accessed July 2019). 

3. 	 Vigneswaran, C.; Ananthasubramanian, M.; Kandhavadivu, P. In 
Bioprocessing of Textiles; Vigneswaran, C., Ananthasubramanian, M., 
Kandhavadivu, P., Eds.; Woodhead Publishing India Pvt. Ltd.: New 
Delhi, India, 2014; pp 189–250.

4. 	 Zaman, M.; Liu, H.; Xiao, H.; Chibante, F.; Ni, Y. Carbohydrate 
Polymers 2013, 91 (2), 560–567. 

5. 	 Gulrajani, M. L. In Polyesters and Polyamides; Deopura, B. L., 
Alagirusamy, R., Joshi, M., Gupta, B., Eds.; Woodhead Publishing: 
Cambridge, England, 2008; pp 279–298. 

6. 	 Choudhury Roy, A. K. In Handbook of textile and industrial dyeing 
Volume 2: Applications of dyes; Clark, M., Ed.; Woodhead Publishing 
Limited: Cambridge, England, 2011; pp 40–128.

7. 	 Xu, W.; Liu, X. European Polymer Journal 2003, 39 (1), 199–202. 
8. 	 Riccardi, C.; Barni, R.; Selli, E.; Mazzone, G.; Massafra, M. R.; 

Marcandalli, B.; Poletti, G. Applied Surface Science 2003, 211 (1), 386–397.
9. 	 Yang, L.; Chena, J.; Guo, Y.; Zhanga, Z. Applied Surface Science 2009, 

255 (8), 4446–4451.
10. 	 Wang, C.; Lai, P. C.; Syu, S. H.; Leu, J. Surface and Coatings Technology 

2011, 206, 318–324.
11. 	 Negulescu, I.; Despa, S.; Chen, J.; Collier, B. J.; Despa, M.; Denes, A.; 

Sarmadi, M.; Denes, F. S. Textile Research Journal 2000, 70, 1–7.
12. 	 Needles, H. L.; Park, M. Journal of Applied Polymer Science 1996, 59 

(11), 1683–1698. 
13. 	 Zhu, Z.; Kelley, M. J. Applied Surface Science 2005, 252 (2), 303–310. 
14. 	 Siriviriyanun, A.; O’Rear, E. A.; Yanumet, N. Journal of Applied 

Polymer Science 2006, 103 (5), 4059–4064. 
15. 	 Lee, M.; Lee, M. S.; Wakida, T.; Tokuyama, T.; Inoue, G.; Ishida, S.; 

Itazu, T.; Miyaji, Y. Journal of Applied Polymer Science 2006, 100 (2), 
1344–1348.

16. 	 Kordoghli, B.; Khiari, R.; Mhenni, M. F.; Sakli, F.; Belgacem, M. N. 
Applied Surface Science 2012, 258 (24), 9737–9741. 

17. 	 Zhengmao, Z.; Michael, J. K. Polymer 2005, 46 (1), 8883–8891.
18. 	 Deng, J.; Wang, L.; Liu, L.; Yang, W. Progress in Polymer Science 2009, 

34 (1), 156–193.
19. 	 Ping, X.; Wang, M.; Ge, X. Radiation Physics and Chemistry 2011, 80, 

567–572.
20. 	 Natarajan, S.; Jeyakodi Moses, J. Indian Journal of Fibre & Textile 

Research 2012, 37 (3), 287–291.
21. 	 Zeronian, S. H.; Collins, M. J. Textile Progress 1989, 20 (2), 1–26. 
22. 	 Fávaro, S. L.; Rubira, A. F.; Muniz, E. C.; Radovanovic, E. Polymer 

Degradation and Stability 2007, 92 (7), 1219–1226. 
23. 	 Hashemizad, S.; Montazer, M.; Rashidi, A. Journal of Applied Polymer 

Science 2012, 125 (5), 1176–1184. 

24. 	 Goddard, J. M.; Hotchkiss, J. H. Progress In Polymer Science 2007, 32 
(7), 698–725.

25. 	 Gulrajani, M. L.; Brahma, K. P.; Senthil Kumar, P.; Purwar, R. Journal 
of Applied Polymer Science 2008, 109 (4), 314–321. 

26. 	 Andersen, B. K.; Borch, K.; Abo, M.; Damgaard, B. US Patent 
5,997,584, 1999.

27. 	 Mccloskey, S. G.; Jump, J. M. Textile Research Journal 2005, 75 (6), 
480–484.

28. 	 Kan, C. W.; Yuen, C. W. M. Nuclear Instruments and Methods in 
Physics Research Section B: Beam Interactions With Materials and 
Atoms 2008, 266 (1), 127–132. 

29. 	 Cavaco-Paulo, A. In Enyzme Applications in Fiber Processing; 
Eriksson, K. -E., Cavaco-Paulo, A., Eds.; American Chemical Society: 
Washington, DC, USA, 1998, pp 180–189.

30. 	 Donelli, I.; Taddei, P.; Smet, P. F.; Poelman, D.; Nierstrasz, V. A.; 
Freddi, G. Biotechnology and Bioengineering 2009, 103 (5), 845–856. 

31. 	 Battistel, E. V.; Francalanci, F.; Marinetti, M.; Morra, M. European 
Patent Office EP 0662540A1, 1995.

32. 	 Hsieh, Y. -L.; Cram, L. A. Textile Research Journal 1998, 68 (5), 311–319. 
33. 	 Kim, H. R.; Song, W. S. Fibers and Polymers 2006, 7 (4), 339–343. 
34. 	 Kim, H. R.; Song, W. S. Fibers and Polymers 2008, 9 (4), 423–430. 
35. 	 Almansa, E.; Heumann, S.; Eberl, A.; Fischer-Colbrie, G.; Martinkova, 

L.; Marek, J.; Cavaco-Paulo, A.; Guebitz, G. M. Biocatalysis and 
Biotransformation 2008, 26 (5), 365–370. 

36. 	 Eberl, A.; Heumann, S.; Brückner, T.; Araujo, R.; Cavaco-Paulo, A.; 
Kaufmann, F.; Kroutil, W.; Guebitz, G. M. Journal of Biotechnology 
2009, 143 (3), 207–212. 

37. 	 Fischer-Colbrie, G.; Heumann, S.; Liebminger, S.; Almansa, E.; 
Cavaco-Paulo, A.; Guebitz, G. M. Biocatalysis and Biotransformation 
2004, 22 (5–6), 341–346. 

38. 	 Alisch-Mark, M.; Herrmann, A.; Zimmermann, W. Biotechnology 
Letters 2006, 28 (10), 681–685. 

39. 	 Araújo, R.; Silva, C.; O’Neill, A.; Micaelo, N.; Guebitz, G.; Soares, C. 
M.; Casal, M.; Cavaco-Paulo, A. Journal of Biotechnology 2007, 128 
(4), 849–857.

40. 	 Nimchua, T.; Punnapayak, H.; Zimmermann, W. Biotechnology 
Journal: Healthcare Nutrition Technology 2007, 2 (3), 361–364. 

41. 	 O’Neill, A.; Cavaco-Paulo, A. Biocatalysis and Biotransformation 2004, 
22 (5–6), 353–356. 

42. 	 Brueckner, T.; Eberl, A.; Heumann, S.; Rabe, M.; Guebitz, G. M. Journal 
of Polymer Science Part A: Polymer Chemistry 2008, 46 (19), 6435–6443. 

43. 	 Feuerhack, A.; Alisch-Mark, M.; Kisner, A.; Pezzin, S. H.; 
Zimmermann, W.; Andreaus, J. Biocatalysis and Biotransformation 
2008, 26 (5), 357–364. 

44. 	 Silva, C. M.; Carneiro, F.; O’Neill, A.; Fonseca, L. P.; Cabral, J. S. M.; 
Guebitz, G.; Cavaco-Paulo, A. Journal of Polymer Science Part A: 
Polymer Chemistry 2005, 43 (11), 2448–2450.

45. 	 O’Neill, A.; Araújo, R.; Casal, M.; Guebitz, G.; Cavaco-Paulo, A. 
Enzyme and Microbial Technology 2007, 40 (7), 1801–1805.

46. 	 Oeser, T.; Wei, R.; Baumgarten, T.; Billig, S.; Föllner, C.; Zimmermann, 
W. Journal of Biotechnology 2010, 146 (3), 100–104. 

47. 	 Kontkanen, H.; Saloheimo, M.; Pere, J.; Miettinen-Oinonen, A.; 
Reinikainen, T. Applied Microbiology and Biotechnology 2006, 72 (4), 
696–704. 

48. 	 Liebminger, S.; Eberl, A.; Sousa, F.; Heumann, S.; Fischer-Colbrie, G.; 
Cavaco-Paulo, A.; Guebitz, G. M. Biocatalysis and Biotransformation 
2007, 25 (2–4), 171–177. 

49. 	 Billig, S.; Oeser, T.; Birkemeyer, C.; Zimmermann, W. Applied 
Microbiology and Biotechnology 2010, 87 (5), 1753–1764. 

50. 	 Mueller, R. J. Process Biochemistry 2006, 41 (10), 2124–2128. 
51. 	 Alisch, M.; Feuerhack, A.; Müller, H.; Mensak, B.; Andreaus, J.; 

Zimmermann, W. Biocatalysis and Biotransformation 2004, 22 (5–6), 
347–351. 

November/December  2020      Vol. 7, No. 6  |   46

AATCC Journal of Research



52. 	 Lenka, M.; Ondřj, Š.; Jiři, A. Biocatalysis and Biotransformation 2012, 
30 (1), 71–77. 

53. 	 Becerir, B. Fibers and Polymers 2005, 6 (3), 224–228. 
54.	 Toprak, T.; Anis, P.; Kutlu, E.; Kara, A. Cellulose 2018, 25 (11), 

6793–6809.
55. 	 Alakara, Ş.; Karakişla, M.; Saçak, M. Journal of Macromolecular 

Science, Part A: Pure and Applied Chemistry 2008, 45 (4), 276–280. 
56. 	 Shao, D.; Wei, Q. Materials 2018, 11 (8), 1412–1425. 
57. 	 Chen, Z.; Hay, J. N.; Jenkins, M. J. Thermochimica Acta 2013, 552, 

123–130. 
58. 	 El-Saftawy, A. A.; Elfalaky, A.; Ragheb, M. S.; Zakhary, S. G. Radiation 

Physics and Chemistry 2014, 102, 96–102. 
59.	 Bhattacharya, S. S.; Chaudhari, S. B. International Journal of Pure and 

Applied Sciences and Technology 2014, 21 (1), 43–52.
60. 	 Elnagar, K.; Abou Elmaaty, T.; Raouf, S. Journal of Textiles 2014, 1–8.

Author
Tuba Toprak, Bursa Uludag University, College of Engineer-
ing, Textile Engineering Dept., Gorukle Campus, Bursa, 
Turkey; phone +90.224.294.2009; tubatoprak@uludag.edu.tr.

47  |    Vol. 7, No. 6       November/December  2020

AATCC Journal of Research


