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1. Introduction 
 

Development of textile biotechnology in the last decades contributed 

to the wide application of enzymes in wet textile processes, thus the quantity of 

harmful wastewater and usage of chemicals can be decreased. In addition to the 

numerous advantages of enzymatic bio-processing of cotton there are short-

comings as well. These include the expensive processing costs and the relative-

ly slow reaction rates, therefore in the last years researchers have focused on 

the increase of the efficiency of these heterogeneous enzyme reactions. In this 

thesis, I was working in the field of textile biotechnology in order to improve 

the rate-limiting heterogeneous enzyme reactions by using low frequency ultra-

sound and non-thermal atmospheric air-plasma treatments. 

 

Numerous technology steps follow each other during wet processing 

of cotton and linen. First step is the removal of starch size from warp yarns 

during desizing by amylase enzymes. A conventional process of removing non-

cellulose substances from cotton fibres is called alkaline scouring and is usual-

ly carried out by using hot sodium hydroxide. After scouring, a treatment by 

diluted acid solution, and 5-6 washing steps are needed. With this process, 

pigments and seed coat fragments are not removed and that is why scouring is 

almost always followed by bleaching in order to discolour residual substances. 

Oxidative bleaching is carried out using hydrogen-peroxide, sodium-

hypochlorite or peracetic acid at 95-100 °C and 10-12 pH1. After dyeing, the 

process of finishing is performed to improve the look, performance, aesthetic 

values and ’hand’ feel of the fabrics. 

                                                 
1 Vigo, T.L., Textile processing and properties: Preparation, dyeing, finishing and performance. 
Vol. 11. Elsevier, (2013) 
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Various type (hydrolytic and oxidative) of enzymes can be applied 

during bio-processing of textiles which require moderated conditions (5-7 pH, 

25-50 °C) and produce biodegradable wastewater. α-, β-amylase and maltase 

enzymes are used for degradation of starch size material. Removal of non-

cellulosic substances is investigated by using pectinase, hemicellulase, lipase 

and protease enzymes2. Ligninolytic enzymes such as laccase, lignin-

peroxidase or mangane-peroxidase are effective in biobleaching of linen3. Cel-

lulase treatment is contributed to the improvement of the appearance of cotton 

fabrics and garments by removal of fuzz-fibres and pills from the surface as 

well as ‘‘stone-washing’’ of denim fabrics to produce the fashionable aged 

appearance2. I applied cellulase and amylase enzymes as well as oxidative 

enzymes produced by solid state fermentation in order to investigate bio-

bleaching of linen. 

As it was mentioned, the major drawback of enzyme reactions is slow 

reaction rate caused by low diffusion rate of protein macromolecule, resistance 

of liquid boundary layer at textile surface and complex geometry of the porous 

fabrics. During conventional and enzyme-aided wet processes the fluid flow 

penetrates only into the larger inter-yarn pores and the central core of the yarns 

remains untreated4. 

The conventional solutions for mass transfer enhancement, such as 

operation at elevated temperatures or intensive mixing are offset by undesired 

side effects such as damage to the textile. It was proved by the latest studies 

that the efficiency of enzyme reactions can increased significantly by low 

frequency ultrasound5. Improvement of enzmye-aided processes can also 

                                                 
2 Yachmenev, V.G., Blanchard, E.J., Lambert, A.H. (2004) Ultrasonics, 42:87-91 
3 Pereira, L., Bastos, C., Tzanov, T., Cavaco-Paulo, A. (2005) Environmental Chemistry Letter, 
3:66-69 
4 Warmoeskernen, M.M.C.G., van der Vilst, P., Moholkar, V.S., Nierstrasz, V.A. (2002) Colloids 
and Surfaces A: Physicochem. Eng. Aspects, 210:277-285 
5 Kwiatkowska, B., Bennett, J., Akunna, J., Walker, G.M., Bremner, D.H. (2011) Biotechnology 

Advances, 29:768-780 
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established by the activation and modification of the textile surface by plasma 

pretreatment6. 

Low frequency, power ultrasound produces acoustic cavitation in liq-

uids which can be described by hot spot model7. When ultrasound passes 

through a liquid it induces vibrational motions of the intermolecular bonds, and 

energy is thus transferred through the medium in the propagational direction. 

Cavities can be generated during the expansion of a sound wave cycle, which 

collapse creating extreme local temperature and pressure (cca. 5000 K, 

100 MPa)8. In heterogeneous systems, cavitational collapse close to a solid 

surface is markedly asymmetrical which generates a jet of liquid directed at the 

surface with a speed in the order of 110 m/s. Microjet streaming can accelerate 

the transport processes through the liquid boundary layer and improve the mass 

transfer. 

The overall effects of the power ultrasound on the enzyme-aided reac-

tions are well-published in scientific literature, but only a very few publications 

have focused on the behaviour of enzymes exposed to ultrasound. Thus, the 

enzyme–ultrasound interaction has a significant effect on the efficiency of the 

bioprocess. Therefore, I characterized the effect of sonication on a selected 

enzyme and on the enzyme-substrate system as well.  

Low frequency ultrasound has also an important role in improving the 

efficiency of extraction processes, which is applied in the food industry. Ultra-

sound has also a great potential in increase the efficiency of producing en-

zymes by fermentation. To the best of our knowledge, treatment of solid sub-

strate fermented materials by ultrasound for improving the efficiency of extrac-

tion of crude enzymes has not been studied so far. 

                                                 
6 Karaca, B., Csiszár, E., Bozdogan, F. (2011) Plasma Chemistry and Plasma Processes, 31:623-

633 
7 Suslick, K.S. Ultrasound, Its chemical, physical and biological effects, VCH, New York (1988) 
8 Mason, T.J., Chemistry with ultrasound, Elsevier Applied Science, London (1990) 
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The plasma state consists of an equal part of negatively and positively 

charged particles, excited states, radicals, metastables, and vacuum ultraviolet 

radiation. Surface treatments can be performed by non-equilibrium cold plas-

mas. Atomic temperatures of the non-thermal plasma are close to ambient, but 

electron temperatures reach values up to orders of magnitude higher9. It con-

tributes to the effective modification of solid surfaces eg. textiles10. Plasma-

textile surface interactions have two main types. The outer layers of the surface 

are degraded or removed partially by plasma induced etching. The second type 

of interaction refers to plasma induced polymerization or grafting9. Usage of 

air or oxygen as a reacting gas during plasma treatment creates oxidized func-

tional groups on the surface which improves the wettability and adhesion prop-

erties of the fabric. 

Efficiency of heterogeneous enzyme reactions can improved by the 

modification and activation of the textile substrate by atmospheric cold-plasma 

treatment. There are available more papers on plasma treatment of cotton than 

on treatment of linen. Most of the publications focused on the effect of plasma 

on the morphology and on the chemical composition or new characteristic is 

developed by plasma eg. antimicrobial effect.  In spite of that there are a lot of 

benefits obtained by using plasma as a pretreatment in the enzyme-aided pro-

cesses, the effects of plasma on the subsequently applied enzyme catalyzed 

reactions have not yet been fully discussed. Furthermore, nothing is known 

about the accessibility of the surface polymers of the fibres and yarns that act 

as a substrate for the enzymes. 

 

 

 

                                                 
9 Shishoo, R., Plasma technologies for textiles, Woodhead Publishing Limited (2007) 
10 Tóth, A., Csiszár, E. (2011) Magyar Textiltechnika LXIX. évf. 4: 158-161 
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2. Materials and methods 

 

Bleached cotton was used for cellulase-cellulose model reaction as a 

substrate. Greige cotton and linen were treated by cold-plasma. Commercial 

cellulase (Celluclast 1.5L) and amylase (Beisol LZV) enzymes were used. 

Sonication was carried out using an ultrasonic horn type reactor (20 kHz, Son-

ics & Materials, Vibra-Cell VCX-500 model, USA). Non-thermal plasma 

treatment was performed in ambient air, by a diffuse coplanar surface barrier 

discharge (DCSBD) type equipment (Roplass s.r.o., Brno, Czech Republic). 

For monitoring the effect of ultrasound on enzymes, different enzyme 

activities were measured (filter paper activity, FPA, lignin-peroxidase, laccase 

and polygalacturonase). The efficiency of the ultrasound-assisted enzyme reac-

tions was characterized by reducing sugar concentration. Changes in surface 

composition of fabrics after plasma treatment was analyzed by X-ray photoe-

lectron spectroscopy (XPS) and infrared spectroscopy (FT-IR ATR). Morphol-

ogy changes were described by atomic force microscopy (AFM) and scanning 

electron microscopy (SEM). Wetting properties were characterized by contact 

angle measurement, thin-layer wicking test and water drop test.  

 Six selected fungi were used in solid state fermentation (SSF) to pro-

duce hydrolytic and oxidative enzymes on flax fibre as a carbon source (Phan-

erochaete, Aspergillus and Trichoderma strains). Fermentation was carried out 

at the Department of Applied Biotechnology and Food Science. Enzymes from 

SSF were used for biobleaching tests of linen and the ultrasound-assisted ex-

traction of enzymes was characterized. 
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3. Results 

The effect of low frequency ultrasound on enzymes was characterized 

using a commercial acidic cellulase (Celluclast 1.5 L), and enzymes produced 

by solid state fermentation. One hour ultrasonic treatment of the commercial 

cellulase resulted 20-26 % decrease in filter paper activity (Fig. 1). Partial 

thermal denaturation or conformational changes caused by shear forces or high 

local temperature arising from the collapse of cavitating bubbles are responsi-

ble for the alteration of enzyme activity. Sensitivity of enzymes to sonication is 

different depending on the thermal stability of each cellulase components.  
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Fig 1. Filter paper activity of Celluclast 1.5 L enzyme sonicated at 80 % amplitude with and 

without a reflector as a function of time. 

 The effect of ultrasound on enzymes produced by SSF was determined 

by measuring laccase, lignin-peroxidase, and filter paper activity, as well. It 

was proved that the sensitivity of enzyme mixture from T. virens against ultra-

sound was less than the enzymes produced by A. oryzae. Lignin-peroxidase 
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activity from A. oryzae decreased only 18 % after sonication at 80 % ampli-

tude. Enzymes are adsorbed to particles of buffer extracts of the SSF material 

which protects the enzymes during sonication like the behaviour of immobi-

lized enzymes.  

Extraction of enzymes after SSF was improved by ultrasound. In SSF, 

the microorganisms grow on the surface of substrate and inside the surface 

matrix. During the extraction process, first, the solvent (i.e. buffer) penetrates 

through the mycelium to the surface of the SSF substrate, thus enabling the 

mycelium to remove from the surface and/or to release enzymes secreted from 

the surface. Then the enzymes are transported away from the substrate into the 

bulk of the liquid by mechanical action. Effect of ultrasound on enzyme recov-

ery was investigated during one stage and multiple step extraction as well as 

one stage extraction of ground SSF material. Ultrasound-assisted one stage 

extraction of enzymes from T. virens resulted a significant improvement of 

enzyme recovery corresponding to 330 % increase in FPA, and 247 % increase 

in lignin-peroxidase activity at 80 % amplitude (Fig. 2).  
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Fig. 2 Effect of ultrasound at different amplitudes on the citrate buffer extraction of enzmyes from 

the SSF material of Trichoderma virens. Filter paper activity as a function of time.  

Control: magnetic stirrer. 
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Grinding of the SSF material resulted higher yield of extraction of en-

zymes, which could be boosted by ultrasound. Decrease of particle size is 

caused by both grinding and sonication. Grinding doesn’t affect the internal 

surface of the fibrous substrate, but during the ultrasound-aided extraction 

buffer can reach the interior surface of the porous structure of substrate. Ultra-

sound assisted multiple extraction yielded 230 % increase in FPA, and 210 % 

increase in lignin-peroxidase compared to the control of single stage extraction.  

For biobleaching of greige linen, the crude SSF material was applied 

as a function of the parameters of ultrasound-assisted extraction. At first, ex-

traction and bleaching were carried out simultaneously. It was compared to a 

pre-extraction following biobleaching. Increasing the time of pre-extraction 

resulted a higher performance of bleaching and a high and perceptible colour 

difference. Coloured solid components of suspension of SSF material can settle 

back on the textile surface which negatively effect the efficiency of bleaching.  

Effect of sonication on the cellulase enzyme and on the cellulase-

cellulose model reaction were investigated using different form of cotton sub-

strate (ground, cut, and layers fixed to a frame). Results of hydrolysis of 

ground cotton proved that ultrasound significantly improved the efficiency of 

enzyme reaction, where the presence of a reflector also accelerated the reac-

tion. The yield of the reaction expressed in reducing sugar concentration, in-

creased from 0.2 g/l by about 50, 250 and 275 % at 40, 60 and 80 % ampli-

tudes, respectively, despite the loss of enzyme activity. The positive effect of 

ultrasound on the hydrolysis of cut cotton and fabric layers fixed in a frame and 

positioned perpendicularly to the probe at different distance was less pro-

nounced and the effect of reflector was negligible. The porous structure of 

cotton fabric is responsible for the attenuation of sound waves which led to a 

decrease in reducing sugar concentration. Best results can be achieved at next 

to the sound source (at 1 cm) at 60 % amplitude. 
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The effect of plasma pretreatment on the surface properties of cotton 

and linen as well as on the efficiency of enzyme treatments were characterized. 

Results of AFM proved that 3 minutes long plasma treatment of cotton created 

deep ’pits’ with a depth of 215 nm by etching the waxy outer layer. Changes in 

the waxy layer were also proved by ATR FT-IR and relative intensities owing 

to ester region and pectin content increased significantly by plasma treatments. 

XPS results showed surface oxidation induced by plasma. Upon plas-

ma treatment increase of the concentration of the various oxidized stated of 

carbon (C-O, C=O, OCO) was detected. Wetting properties were improved 

significantly by the treatment time of plasma. The surface hydrophilicity of the 

plasma treated fabrics proved to be stable even two weeks.  

For detecting the presence of cellulose and characterizing its accessi-

bility, a cellulase enzyme was used. Results showed a dramatic increase in the 

rate of cellulose hydrolysis in the plasma-treated fabrics. The incubation time 

of the reaction decreased by 50 % due to the partial degradation and/or removal 

of the waxy coverage of fibres. Efficiency of the degradation of starch size by 

amylase was investigated after plasma treatment. Results revealed a partial (10-

20 %) removal of starch by plasma etching (Fig. 3). The increase hydrophilici-

ty of accessibility of the plasma etched surface and a more efficient hydrolysis 

of the residual starch resulted in an increased desizing effect, which can lead to 

a significant shortening of the desizing process (from 60 to 10 minutes). 
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Fig. 3 Reducing sugars released from the starch size in raw and plasma treated (P, for 30, 90 and 

180 s) cotton fabrics by 10 % of amylase enzyme as a function of time of hydrolysis. 

 

 

4. New scientific results 

 

1. It was proved that the filter paper activity of a commercial acidic cel-

lulase enzyme significantly decreased by low frequency ultrasound 

treatment (20 kHz), depending on the amplitude of sonication and du-

ration of treatment. One hour ultrasound treatment resulted in 12, 19 

and 24 % decrease in the filter paper activity at 40, 60 and 80 % am-

plitude and 20, 40 and 55 W actual power dissipated, respectively. 

Application of reflector boosted the decrease of enzyme activity espe-

cially at 40 % amplitude. [I]  

2. It was proved that the effect of low frequency ultrasound treatment on 

the activity of raw enzyme mixtures produced by solid state fermenta-

tion was less pronounced than that on a commercial cellulase enzyme. 

One hour ultrasound treatment did not influence the filter paper, poly-

galacturonase, laccase and lignin-peroxidase activities of the enzymes 
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produced by T. virens strain even at 80 % amplitude. However, the 

lignin-peroxidase enzyme from A. oryzae was found to be sensitive to 

ultrasound treatment. One hour ultrasound treatment at 80 % ampli-

tude (55 W power) caused 18 % decrease in the enzyme activity. 

Thus, the effect of ultrasound depends on both the enzyme-activity 

and the strain. [II, III] 

3. It was established that the ultrasound-aided hydrolysis of bleached 

cotton cellulose by a cellulase enzyme was much effective than that of 

the control system agitated by magnetic stirrer - despite the decrease 

of filter paper activity caused by ultrasound treatment. Efficiency of 

the process was affected by the form of the substrate and the parame-

ters of sonication as well. The ultrasound-assisted hydrolysis of 

ground cotton at 40, 60 and 80 % amplitude resulted in 63, 274 and 

295 % increase in reducing sugar concentration, respectively. Further 

15-80 % improvement in the reducing sugar concentration was 

achieved by application of reflector. The positive effect of ultrasound 

on the hydrolysis of cut cotton and fabric layers fixed in a frame and 

positioned perpendicularly to the probe at different distance was less 

pronounced and the effect of reflector was negligible. [I, VI] 

4. It was reported and proved first that the extraction of raw enzymes 

produced by solid state fermentation can be enhanced significantly by 

low frequency ultrasound. Owing to sonication 129-247 % increase in 

lignin-peroxidase 202-413 % increase in laccase and 167-330 % in-

crease in filter paper activities were obtained during buffer treatment 

from the solid substrates fermented by T. virens. Sonication can fur-

ther improved the efficiency of extraction from the ground cultivated 

solids and also the yield of the multiple extraction. [II, III] 
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5. It was proved that the accessibility of raw cotton to enzymes could be 

enhanced significantly by atmospheric cold-plasma pretreatment. The 

rate of cellulose hydrolysis of 0.8 mg×l-1×min-1 measured on raw cot-

ton increased to 2.4 mg×l-1×min-1 after 180 sec plasma treatment and 

the incubation time of the reaction decreased by 50 % due to the par-

tial degradation and/or removal of the waxy coverage of fibres. [IV, 

V] 

6. It was proved that cold plasma pretreatment reduced the amount of 

starch size by 10-20 % and significantly accelerated the enzymatic 

degradation of the residual starch. Duration of an adequate enzymatic 

desizing of raw cotton fabric could be shortened from 60 to 10 min 

subsequent to plasma pretreatment for 30 s. Plasma pretreatment with 

a treatment time of 3 minutes decreased the time required for the total 

removal of starch from raw cotton fabric by about 90 min. [IV] 
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