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Enzymes are very large protein compsufd small portion of their structure
constitutes their highly specific active site whishfundamentally responsible for the
catalytic capability of the enzymes. To mimic tlotive site of different oxidoreductases
the components of the active site of were studeghnmding their functionality when
isolated without the complete protein structure.idOreductases investigated include
glucose oxidases, peroxidases, and laccase. Glusidases belong to oxidoreductase
enzymes and are capable of generating hydrogerxiderdor bleaching of cellulosic
textile materials and pulp fibers. Their activeesitontains flavin adenine dinucleotide

(FAD) as cofactor. Compounds similar to the actite were used to mimic the reactions



of the intact enzyme. The mimics’ dosage, pH vane the source of oxygen play a role
for the reaction to occur as well as the exposarkght. The influence of amino acids
that are in direct contact with the cofactor of théact enzyme on the biomimetic
reactions was also explored. The mimics of gluansdase applied for bleaching cotton
fabric could achieve whiteness levels of about t@¥hpared to whiteness levels reached
with glucose oxidase or commercial®;}.

Lignin and manganese peroxidase and lacmasenzymes that are not capable of
generating peroxide, however have proved to plgyomant roles in the degradation of
ligninic compounds in pulp. The application of thexidoreductases to unbleached linen
was investigated regarding their bleaching effertass. Glucose oxidase can also be
used for bleaching of linen. Laccase was foundcéffe for delignification of linen fibers
to increase the whiteness of linen fabric. The doatiibn of laccase and glucose oxidase
for bleaching of linen fabric showed higher effeetiess regarding whiteness than either
one of the enzymes applied alone. The whitenes®ease of treated fabric might be
related to the decrease of lignin content of enzjneated linen.

The surface properties of scoured unbleadihen fibers and enzymatically treated

linen fibers were investigated by inverse gas clatography (IGC), and the dispersive
component free energyl as well as surface acidity constant)(ind basicity constant

(Kp) were determined. The decrease of boitaKd K, of enzymatically treated linen can
be explained by the change of surface chemicalpgatf the linen fibers. For the linen

fabric high in lignin weight the Kand K, values of enzyme-treated fabric are

inconclusive and not directly related to the whitenand lignin content of the fabric.
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CHAPTER 1. INTRODUCTION
I ntroduction

Enzymes are protein catalysts produced ibygl cells that catalyze specific
chemical or biochemical reactions. The use of ersym textile processes has gained
increased interest due to the advantages of enziggieg non-toxic, biodegradable, and
environmentally friendly. Enzymes can be safelyduse textile wet processing like
desizing, scouring, bleaching, dyeing, and finighimhile traditional chemicals can
cause many problems including pollution of efflleenivhen disposed into the
environment. Advances in enzyme technology uséhéntéxtile industry have made it
possible to explore the potential of single enzyroesenzyme mixtures for specific
applications. Hydrolases (e.g., amylases, cellglaspectinases, proteases) and
oxidoreductases have been employed for fabric patipa and finishing.

Enzymes are large high-molecular weighttgiro structures with highly specific
active sites within the molecule that perform tlagatytic reaction. Replacing enzymes
with simpler compounds that mimic the behaviorhwge biocatalysts could significantly
increase the reaction rate, facilitate the enzymgaitocess and decrease costs. The key
point in this project is whether enzymes could &glaced with simpler compounds that
mimic the behavior of these biocatalysts. This wddcuses on reactions of
oxidoreductases in connection with oxidative bléaglof cellulosic materials. Enzymes

investigated in this research include glucose ®ad#&O0), laccase, and peroxidases. The



approach offers the opportunity to study the enzyeaetion in depth and to gain insight
into unsolved questions regarding the mode of aabiothese interesting compounds as
well as opens doors to new future directions.

Bleaching is one of the preparatory procgssteps routinely performed for cotton
and other cellulosic fabrics with the purpose ahoging natural pigments and other
noncellulosic impurities. Currently, hydrogen peades applied at high pH and under
high temperature, is the most common bleaching tagdowever correct control is
essential. Alternatively, the enzyme glucose oxadaas been used to produce hydrogen
peroxide for bleaching of cotton fabrics. Lignintidyenzymes like lignin peroxidase,
manganese peroxidase, and laccase have been sh@hay ta role in lignin degradation
in pulp bleaching and decolorization of textile dgase effluent.

Glucose oxidases belong to oxidoreductazgrees and are capable of generating
hydrogen peroxide for bleaching of cellulosic textmaterials and pulp fibers. Their
active site contains flavin adenine dinucleotidA as cofactor. Compounds similar to
the active site were used to mimic the reactiontd®fntact enzyme.

Peroxidases like lignin peroxidase and raaege peroxidase are another type of
oxidoreductases. They have ferriprotoporphyrin IX their prosthetic group. Simple
chemical compounds similar to their prosthetic gravere used to mimic the catalytic
behavior of these enzymes.

Objective

The overall goal of this work was to expldhe potential of oxidoreductases for

textile applications, their possible mimics thatghti simplify enzymatic processes.

Specific objectives included:



* To develop enzymatic systems using glucose oxidlaséleaching of scoured
unbleached 100% cotton fabric (control)
* To explore enzyme combinations of glucose oxidaskeperoxidases and laccase
for bleaching of scoured unbleached 100% cottoridab
* To find possible mimics for glucose oxidase to dateithe function of the active
site of glucose oxidase and mimic the behaviohisf tatalyst without the bulk of
the proteins
* To explore enzyme combinations of glucose oxidaskperoxidases and laccase
for bleaching of scoured unbleached 100% lineni¢alith high and low lignin
content
 To find possible mimics for peroxidases to simuléte catalytic reaction of
peroxidases without the bulk of the proteins
* To evaluate the effect of these enzymes on fibdase properties
Chapter arrangement
This dissertation is divided into five cleqs. Chapter 1 introduces the topic and
objective. In Chapter 2 reviews the backgroundhaf bleaching process of cellulosic
fibers, enzymes used in this process, and mimi¢kexfe enzymes. Chapter 3 covers the
materials and experimental section including chafiaised, enzymes, mimics, and
testing methods. Chapter 4 is devoted to discussforesults. Chapter 5 presents the

summary of this dissertation.



CHAPTER 2. LITERATURE REVIEW

2.1 Conventional chemical bleaching processesfor cotton and linen fabrics

Cotton comes from seed hairs and is a vepprtant textile fiber. As a natural fiber,
cotton contains different noncellulosic impuritesch as pectin, waxes, sugars, proteins,
organic acids, ashes, and coloring matter. Flagréilare obtained from the plant stem.
Flax fibers processed and made into textile strest@are called linen. Flax fibers also
contain a variety of different impurities such amricelluloses, pectin, lignin, waxes,
water solubles, and coloring matter.

Cotton and linen fabrics require pretreattadefore they can be dyed and finished.
The purpose of fabric preparation is to remove nwsall of the contaminants and
impurities from fabrics and thus produce clean,teshémooth, and evenly absorbent
fabric ready for later wet processes like dyeingl dimishing. Preparation processes
include desizing, scouring, and bleaching.

Impurities in cotton and flax fibers magsorb light which might cause the fibers
to have a yellowish or dull appearance. Thus afterscouring processing, cotton and
linen must be bleached to remove the coloring matte destroy other impurities by the
use of oxidizing agents and to obtain a desiralidoum white fabric surface. The
bleaching process must be carefully controlled lsat the damage to the fabric is

minimized and coloring matter is completely remavé&tere are three major chemical



bleaching agents used in the textile industry: wmdhypochlorite, sodium chlorite, and

hydrogen peroxide. Hydrogen peroxide is the chelhmwest commonly used because the
decomposition products of hydrogen peroxide bleagiprocess are environmentally-
friendly compared to the other two chemical bleaghagents. The best bleaching
whiteness can be obtained at pH 10.5-11. The teatyer and time varies with the

process and types of equipment being used in pioieaching. Stabilizers such as
sodium silicate are usually added to the bleachiaitp to control the decomposition of
peroxide and to achieve optimum bleaching results.

The chemical structures of natural pigmentscotton and flax fibers are still
unknown. Color in organic substances results frbm presence of mobile electrons
within the colorant’s chromophoric system of corgteyl double bonds. The conjugated
double bonds might be broken and some of the dobblals are saturated during
bleaching which limits the delocalization af electrons. Thus, the resulting break in the
chromophoric system of the colorants produces tEdsrproducts. The mechanism of
hydrogen bleaching is complicated and still notyfuinderstood. Both free radical and
ionic mechanisms have been proposed to explainolygdr peroxide bleaching of fibers.
The ionic mechanism suggests that the active spaniehydrogen bleaching is the
perhydroxyl ion. Hydrogen peroxide is a weak aam @&nizes in water according to
Figure 2.1. Higher alkalinity of the bleaching baticreases the bleaching rate since a
higher concentration of perhydroxyl ions is fornveith higher alkalinity.

+

H,0,

HO,” + H

Figure 2.1 lonization of hydrogen peroxide in water



The free radical mechanism proposes tlettmjugated double bonds are attacked
by free radicals produced by reaction of hydrogeropide with a donor substance. The
mechanism of decolorization or bleaching procestiesvn in Figure 2.2.

The electron donor may be a perhydroxyl ion or mita. The reaction mechanism

producing radicals is shown in Figure 2.3.

vt = = — — )—

Figure 2.2 Mechanism of bleaching process

+

H,O

HO,” + H

HO,” + H,0, HO,- + HO- + HO

HO® + H,0, —— HO,” + HJO

M2t + HO, —= M3T 4+ HO + HO

+

Figure 2.3 Reaction mechanism to produce radidals (netal) [1]

2.2 Enzymesused for bleaching
2.2.1 Introduction to Enzymes

Enzymes are high-molecular weight proteins thatstrof intertwined chains of
amino acids. Enzymes act as catalysts for chenoicdliological reactions. Compared

with common chemical catalysts, enzymes are mdieiegft and increase the reaction

6



rate by 10 — 10°. Compared to general chemical catalysts, enzyrags the added
advantage to make a reaction occur under mild tondi such as fairly low temperature,
normal pressure, and in neutral agueous solutibey Rlso have the advantage of being
non-toxic, bio-degradable, and environmentallysfdly. Enzymes are highly substrate-
specific. They react with their substrates atgaore within the protein molecule which is
called active site. The active site of the enzymastmhave the necessary structure
characteristics to recognize the right substratk the proper chemical environment to
make the reaction happen.

According to the Enzyme Commission (EC) all enzym@uesgrouped into six classes
on the basis of the types of reaction they catalykbey are categorized into
oxidoreductases, transferases, hydrolases, lyiasesgrases, and ligases.

The enzymes most commonly involved in textile aggilons are hydrolases and
oxidoreductases. They can be safely used in thetéxdustry in fabric preparation and
finishing processes. Table 2.1 shows the applinat@f hydrolases and oxidoreductases.
Oxidoreductases are very important enzymes in hlegcwood pulp and nature

cellulosic fibers.



Table 2.1 Textile applications of hydrolases andlaveductases

Enzyme Substrate Application

Hydrolases

Amylase Starch Removal of starch-based size
Cellulase Cellulose Bio-polishing, bio-finishing
Pectinase Pectin Scouring

Proteases Protein Silk degumming, wool bio-antifglt
Catalase Peroxides Peroxide decomposition

Lipases Fats Hydrolysis PET

Oxidoreductases

Glucose oxidase Pigments Bleaching cotton

Laccase Coloring matter  Bleaching wood pulp abdrg with lignin,

discoloration of effluent, bleaching indigo

dyed denim
Peroxidases Coloring matter  Bleaching of wood pulp
Azo reductase Coloring matter  Discoloration of dyes

Peroxidase ostreatus Coloring matter  Discoloratidoasic dye

2.2.2 Oxidoreductases
Oxidoreductases are a class of enzyme®idize or reduce a substrate by transfer
of hydrogen(s) and/or electron(s). Many of theseyeres are commonly known as

oxidases, reductases, peroxidases, hydrogenasggerases, or dehydrogenases.



Important oxidoreductases addressed in this stadyde glucose oxidase, laccase, and

peroxidases. The reactions involved in oxidorediegare shown in Figure 2.4.

AH, + B A+ BH

2 2

(reactions occur under anaerobic or aerobic conditions)

AH, + O, — A + H),
(aerobic conditions)

A + HO, —= A0 + H20

(oxygen incorporated into substrate)

Figure 2.4 Catalytic reactions of oxidoreductasestheir substrate

2.2.2.1 Glucose oxidase

Glucose oxidasg3{D-glucose: oxygen-1l-oxidoreductase, EC1.1.3.4) XB€&ongs
to the group of oxidoreductases with flavin prosthgroups. The enzyme is found in
certain fungi, such as Aspergillus oryzae, Aspéargihiger, Penicillium amagasakiense,
and others. Common to all glucose oxidases is thely high molecular weight of 150
to 190 kDa and their high specificity f@-D-glucose. Each subunit of the enzyme
contains one mole of flavin adenine dinucleotiddf (Figure 2.5). There are two
distinct domains in each GO monomer: one very tyghinds the FAD moiety but not
covalently, and another binds tBeD-glucose substrate. The enzyme is highly specific
for B-D-glucose, and can generate hydrogen peroxidehenpresence of oxygen in
agueous solution by usifyD-glucose as substrate [2,3,4,5] (Figure Z36p-glucose is

oxidized to gluconic acid with the transfer of tyootons and two electrons from the

9



substrate to the flavin moiety. The produced hydrogeroxide can then act as bleaching
agent for decomposition of any yellowing compoumascotton or other cellulosics.
Glucose oxidase is an alternative to hydrogen péeobleaching being non-toxic,
biodegradable, and eco-friendly [2, 4].

isoalloxazine ring

NH,
OHOHOH
T H, = N\
H,C—C—C—C—CHz— c’ | :>
|HH I N N
N ? % N
/1\f9 O=P—0—P—OCH,
| |
o~ O O
OH OH

flavin adenine dinucleotide (FAD)

Figure 2.5 Chemical structure of the active sitglatose oxidase, FAD

CH,OH CH,OH

OOH

OH ©2 4
+ glucose oxidase — OH O + H,0,
o o)

OH OH
glucose gluconolactone
CH,OH CH,OH

O
OH O + H20 —

@)
OH
gluconic acid

gluconolactone

Figure 2.6 Reaction between glucose oxidase armbggu
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Glucose oxidase is a very large complex proteineswe with a highly specific
active site that catalyzes selected redox reactidhe active site, consisting of the
prosthetic group FAD and amino acid residues adfade FAD, determines the
specificity of the glucose oxidase in redox reawdioFlavins can undergo either two
sequential one-electron transfers, or a simultasidaw-electron transfer through the
semiquinone state (Figure 2.7). The reaction of ®ith glucose can be seen as a
reductive half-reaction (hydride transfer from GCeHglucose to FAD) and an oxidative
half-reaction in which the reduced FAD (FADHk oxidized by @ generating KO,. The
apoprotein of glucose oxidase most likely playsmaportant role in the catalytic reaction
due to the pH dependency of the reduction poteni@ll Of the amino acid residues,
histidine seems to be most influential on the gétaleaction of the reduced FADIdnd
oxygen [7, 8].

Meyer [9] reported that the protonated His 516 Hil559 under acidic conditions
increases the rate of the reaction between GO lcdge. It has been stated that His 516

is largely responsible for catalyzing the oxidatairFADH" by dioxygen [8, 10].

11



Base Base

T H® R H
o L
HaC N N o
Z Z [3-D- glucose = =z
r
= NH \
HyC N HaC N/ H
0 o(
H 0
@4? \C_
o-D-glucono
H
H20; Base lactone
v P
R Base
| H
HsC HsC N
HaC HaC

Figure 2.7 Reaction mechanism of flavins by twousedjal one-electron transfers [7]

2.2.2.2 Mimics of glucose oxidase

It is well-known that vitamin B (riboflavin) plays an important role regarding
light sensitivity in biological systems [11]. Fueth research showed that hydrogen
peroxide could be produced with flavin compoundd,dn a lesser extend, methylene
blue in the presence of visible light [12]. Catalagas used to demonstrate that hydrogen
peroxide clearly was one product of the systenedrier studies [13, 14] it was found

that riboflavin, flavin mononucleotide, or lumiflevcould act as photosensitizer, but the

12



addition of compounds such as thiourea, EDTA, amisarbazide were needed to
increase the effeciency of reducing the oxidizexhlisxazine ring. It was assumed that
the flavin semiquinone formed in the process trametl the acquired electron to
molecular oxygen and to the superoxide anion, ¢olgpce hydrogen peroxide.
The mechanism of the light-sensitized reactionldesen explained by Hellis et al.
[15] and by Fontes et al. [14] by a one-electr@ngfer. The flavin semiquinone form
produced might move the acquired electron to mddéecoxygen and to the superoxide
anion, to produce hydrogen peroxide. The photoreduthydroflavin (H at N1 and N10
position) can either be oxidized by the presencexyigen directly or indirectly via a
radical route [16]. A high pH value and the disprdjmnation of superoxide to hydrogen
peroxide might favor the reaction via superoxidée Treaction of dioxygen with the
anionic flavin radical should be faster than wigmsquinone in neutral radical form [17].
Replacing enzymes with simpler compounds that mithie behavior of these
biocatalysts might help to better understand thehaeism of the enzymatic process. In
this paper the active site of glucose oxidase wiasicked by using flavin mononuleotide
(FMN), riboflavin, and lumiflavin (Figure 2.8). Secarbazide, originally used as
electron donor, was replaced by amino acids thatesther adjacent to FAD in the
original enzyme or that could assist the reactibrglocose oxidase and glucose. The

effect of a light source during the mimicking reastwas taken into account.
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Figure 2.8 Structure of flavin mononucleotide (lmiflavin (B), and riboflavin (C).
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2.2.2.3 Laccase

Laccase (benzenediol:oxygen oxidoreductase; EC.32)0is a blue multi-copper
containing oxidase and found in fungi growing ouitfr vegetables or trees, lignolytic
white-rot fungus, and bacteria. The four coppemest@ct as cofactor of laccase and are

classified as one Type I, one Type Il and an ambofaagnetically-coupled Type IlI pair
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of CU** [18]. Laccase is an important oxidant for aromatings with electron
withdrawing groups. The enzyme reacts with manyssates under H-atom abstraction
(i.e. 1H + 1€) forming reactive radicals which may undergo fartenzymatic oxidation
resulting in quinine-like structures or non-enzyimateactions leading to the often
observed polymerized products.

In laccase-catalyzed reactions one-electron substgidations are coupled with
one four-electron reduction of oxygen to water, atettrons from the oxidation steps
have to be stored in order to reduce molecular emygrhe reduction of molecular
oxygen to two molecules of water with exchange airfelectrons can be written as

shown below (Figure 2.9) [18]:
O, + 4H' 4+ 4e —=2H,0

Figure 2.9 Reduction of oxygen to water by laccase

Laccase can oxidize not only phenolic compounds sisdignin-related compounds,
coniferyl alcohol, vanillic acid, and p-cresol, bwlso ascorbic acid, and p-
phenylenediamine [19]. Laccase oxidizes benzenéaiolbenzoquinone in the presence
of oxygen (Figure 2.10). Laccase is one of the mogtortant enzymes in lignin
degradation. Removing lignin is an important waynprove the properties of pulps and

the brightness of the paper.

OH OH o)
© laccase <> non-enzymatic ¢ N
2 \> 2 -
120, HO
OH o} o)

Figure 2.10 Oxidization of benzenediol to benzoqumby laccase
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In some cases enzymatic systems need roesliGgubstrate of laccase) to make
reactions more effectively. The mediators of laecasclude 2, 2 -azino-bis-(3-

ethylbenzothiazoline-6-sulfonic acid) (ABTS), 1-hggybenzotrialzole (HBT), and
syringaldazine. The reason to introduce low mokecweight redox mediators is to
produce stable radicals, which make laccase ma@fapfor different textile or pulp and
paper applications. Biobleaching of pine kraft pwith dioxygen in the laccase-mediator
system is an example for a potential environmentadinign bleaching process for the
degradation of residual lignin [20]. The laccasadrator system allows the development
of totally chlorine-free bleaching sequences fdpgdtom kraft and flax non-wood fibers
[21, 22]. These mediators enhance the capabilifetaccase for oxidation of non-
phenolic lignin [23]. Laccase has been used fopipgland kraft and flax pulp bleaching.
High-quality paper pulps can be achieved by usihgcaase-mediator system [24]. The
enzymatic removal of lignin results in high finaldghtness values.

A widely accepted mechanism for mediated laccasgatinn and depolymerization
of lignin is presented in Figure 2.11 [19]. Accanglito this mechanism, laccase oxidizes
the mediator via the four-electron reduction of gesy to water. The oxidized mediator,

being able to diffuse through the fiber wall, oxie lignin and depolymerizes it.

O, Laccase,. ABTSox Lignin
mediation
H:O Laccase,, ABTS Oxidized
lignin

Figure 2.11 ABTS-mediated oxidation of lignin cgtadd by laccase
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In addition to delignification, laccases have afoind applications in textile
processes. Lignin probably plays an important nolall reaction mechanisms involving
laccase. Since cotton has basically no lignin titneat of unbleached cotton with laccase
alone could not yield satisfactory bleaching resulaccase scouring of flax fibers as an
alternative to chemical scouring has the advantddpeing a mild reaction and obtaining
better quality yarn [25]. Bleached-out looking jeamere created by the application of
laccase together with a suitable mediator. Thegmaihromophore was transferred into
isatin and backstaining was avoided in the pro{268k The above process worked well
for indigo dyed jeans while laccase was found tonedfective for bleaching of undyed
cotton. Laccase pre-treatment of scoured cottonddiefore the traditional hydrogen
peroxide bleaching was found to improve the whissnef fabric [27]. A reasonable
explanation might be that laccase transformed tim coloring matter into different
colored substrates which are easier to remove glpenoxide bleaching.

Besides lignin degradation, laccase can promotgnpalizations as well. It was
found that laccase preferentially polymerizes ligrelated substrates resulting in the
formation of lignin-analogue polymers [28]. Poly§rtylene oxide) was synthesized by
laccase-catalyzed oxidative polymerization of syidracid in an aqueous organic solvent
(Figure 2.12) [29,30]. Laccase produced framametes versicolor was utilized to
synthesize poly(pyrogallol) in agueous solution][3laccases have also been shown to
catalyze polymerization of monomers such as phearadistheir derivatives into polymers

[32-37]
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n

Figure 2.12 Laccase-catalyzed oxidative polymenrabf syringic acid

Oxidative polymerization of catechol catalyzed kacdase enzyme frorirametes
versicolor in agueous solution containing acetone was repd@8, 39]. The proposed
chemical structure of the resulting poly(catechslshown in Figure 2.13:-naphthol
was polymerized in the presence of laccase fiioemetes versicolor [40]. Laccase
utilizes molecular oxygen to oxidize-naphthol. This oxidation producesnaphthol
radicals which react with other radicals to formlypeaphthol. Laccase-catalyzed
synthesis of poly(catechin) without using hydrogemnoxide in aqueous organic solvents
was used for development of polymeric antioxidambs amplify the beneficial

physiological properties of flavonoids [41].

laccase —
[ }7
OH - (@) @)
0 LQ : "
2
OH OH

OH

Figure 2.13 Oxidative polymerization of catechdityzed by laccase

Laccase fromCoriolus hirsutus was used in the synthesis of water-soluble
conducting polyaniline in the presence of molecdiaxygen [42]. The laccase-catalyzed

polymerization of aniline was performed in the grese of sulfonated polystyrene (SPS)
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as a template. The advantages of laccase overradise peroxidase in the synthesis of
conducting polyaniline were its high activity artdkslity under acidic conditions.

There are reports on polymerization of vinyl mononesing laccase as catalyst.
For example, the polymerization of acrylamide anethyl methacrylate was catalyzed

by laccase and the polymer efficiently producedwiigh molecular weight [43, 44].

2.2.24 Mimics of laccase

Laccase belongs to the copper-containing enzymepp& (Il) complexes can
mimic laccase. Polyoxometalate (POM) has been tegdo be promising for bleaching
of kraft pulps. It requires oxygen as oxidant. Thaction system is reminiscent of the
biomimetic system of laccase [45]. It is not easyntimic laccase because of the

difficulty in finding proper copper complexes.

2.2.2.5 Peroxidases
Peroxidases are a group of enzymes that catalymatma-reduction reactions.

Peoxidases including horseradish peroxidase (doydnogen-peroxide oxidoreductase,
HRP, EC 1.11.1.7), lignin peroxidase (LiP, EC.11114), and manganese peroxidases
(MnP, EC.1.11.1.13) are widely found in higher péare.g. in horseradish, tobacco,
potato, turnip, and in microorganisms. The uséneté peroxidases requires the presence
of hydrogen peroxide. On the other hand, the prokkethat excess hydrogen peroxide
inhibits the enzyme activities. Theoretically, hygen peroxide can be supplied by
glucose oxidase and glucose at an appropriateaateatch its consumption rate which

alleviates the inhibition of these enzymes.
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Hor seradish peroxidase

HRP is a hydrogen peroxide oxidoreductase and geltma group of hemoproteins
having ferriprotoporphyrin IX as prosthetic groupigure 2.14). This enzyme has
oxygenase activity activating dioxygen for incomgion into the substrate and
peroxidase activity using peroxide for oxidationtlo¢ substrate. Ferriprotoporphyrin IX
is made up of four nitrogens of the pyrrole ringpbnated to the ferric iron. The fifth
coordination is located on the proximal side of kiene and occupied by an imidazole

side chain of His170.

His170

Figure 2.14 Structure of ferriprotoporphyrin IXogthetic group of peroxidases

The reaction of HRP involves two steps: (1) thenfation of compound |
intermediate by a two-electron oxidation with theltogen peroxide cleaved at the O-O
bond; (2) the formation of HRP via compound Il mbediate by a two-electron

reduction of compound | (substrate is electron dpndhere are several possible
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mechanisms for the peroxidase reaction accordingnztyme-substrate complexes. The
following mechanism is universally accepted [46]:

HPR + HO, — Compound| B

Compound | + Al —> Compound Il + -AH

Compound Il +AH —» HRP + -AH +,08

The sum of the above three reactions is:

H,O, + AH, = 2HO + 2-AH

Lignin peroxidase

Lignin peroxidases have been identifiechamoprotein produced by many wood
degrading fungi as a family of isoenzymes. Thesendpgoteins utilize hydrogen
peroxide and organic peroxides to oxidize a vargdtgubstrates. Lignin peroxidase can
catalyze oxidations of both phenolic and nonphenalomatic compounds. The obtained
aryl cationic radicals from oxidation of these dult®s can lead to the following
reactions: demethoxylation; (&g cleavage of lignin model compounds; benzylic
alcohol oxidation; hydroxylation of aromatic ringsd side chains. Lignin peroxidase has
been reported to degrade lignin in wheat straw.[#Aratryl alcohol (VA) has been
found to be used as substrate or possible medratatalysis reactions (Figure 2.15) [48,
49]. Lignin peroxidase uses VA radical mediatoattack lignin at a distance rather than

to attack the insoluble lignin substrate directly.
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H,O LiP,. VA Oxidized
Lignin

Figure 2.15 Proposed mechanism for the oxidatiorigsfin veratryl alcohol cation

radical as a redox mediator [50]

M anganese per oxidase

Manganese peroxidase also belongs to herteps. Manganese peroxidases are
also called Mn-dependant peroxidases and usedeirotidative degradation of lignin.
Manganese acts as a redox mediator like VA. Margamperoxidase can catalyze the
oxidation of Mrf* in the presence of hydrogen peroxide to producé’Nstabilized by
organic acids such as oxalate, malonate chelahegokidized manganese ions) as a
direct oxidant. Chelated Mh is then reduced back to Kfnwhile at the same time
phenolic rings in lignin are oxidized to phenoxylicals, resulting in the decomposition
of these structures (Figure 2.16). The formatioplenoxy radicals by MnP activity may
subsequently lead to the cleavage of some bondgebrtaromatic rings and,Carbon
atoms. MnP systems appear to be more important tRarfor practical application.
However, chelated M is not strong enough to oxidize recalcitrant nbwesmlic units

of lignin.
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Manganese peroxidases have been applied to bleaftrakd wood pulps [51-53].
MnP is a HO, dependent enzyme..8,was added to the treatment solutions and'Mn
was added as the redox mediator. Bermek [54] stediéisat unsaturated fatty acids such

as linoleic and linolenic acid significantly enhartbe bleaching effects of MnP.

H,0, MnP,. Mn(III) Lignin
H,O MnP,, Mn (II) Oxiadized
Lignin

Figure 2.16 Proposed mechanism for the oxidatiofignin catalyzed by MnP in the

presence of bD, and Mrf* [55]

2.2.2.6 Mimics of peroxidases

Natural and synthetic iron-porphyrins can mimic aRd MnP enzymes, and simple
metalloporphyrins such as protoporphyrin iron cidlerand meso-tetraphenylporphyrin
iron chloride can mimic the function of lignin p&rdase in degrading lignin. Kraft pulps
were treated with a variety of natural and synthptirphyrins in the presence of peroxide
[56]. The pulps treated with porphyrins were lighiee and the cellulose content in the
pulps decreased somewhat. The problems of metpHgdns as biomimetic catalysts are
stability, redox potential and catalytic efficiencyhe stability of the metalporphyrins
was related to many factors, including type of ealy type of the oxidant, and the

presence or absence of substrate [57-61].

23



Metallophthalocyanines can replace metalporphyasbgnin peroxidase model, but
the problem of metallophthalocyanines is their laBblity. Another problem of
metallophthalocyanine is that they are degradedlisapnder oxidative conditions. For
metallophthalocyanines with Fe(lll) or Mn(lll) stéty is also dependent on the pH of
the solution as well as the type of oxidant usedtaf/soluble synthetic metallporphyrins
have been used for lignin degradation [62, 63]IIFe(nd Mn(lll) phthalocyanines could
mimic the function of lignin peroxidase in the oaiohn of veratryl alcohol anfl-1 and
[3-O-4 lignin model compounds.

A MnP mimetic system containing Mn(ll) apdracetic acid degraded LiP-resistent
3-O-4 model substrates and bleached kraft pulpserQtiodels are ¥D,in combination
with binuclear Mn(lll/1V) complex or systems contaig Mn(ll), oxalate and DMSO
[45]. Manganese complexes have been used as catatydbleaching textiles in the
presence of hydrogen peroxide [64]. These catabsissted bleaching processes for the
removal of stains from clothes by hydrogen peroxt®w temperatures.

Peroxidases are more complex in their naddeetion than glucose oxidase and may
contain one or more active sites with metallizedopgrin as their prosthetic group. The
above potential biomimetic compounds including hreamd metallo phthalocyanines are
colored compounds in most cases. This fact adtdsetoomplexity of the mimetic system

and creates a problem when used in bleaching tdrcand linen.

2.3 Surface characterization
Untreated and enzyme-treated linen fabrics cordéierent functional groups on

accessible surfaces due to modified lignin contentl therefore differ in surface
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characteristics. The acid-base properties of f#oefaces play an important role in all wet
processing steps due to surface Lewis acid-baseatttons between solids (fiber) and
any type of encountered liquids. Inverse gas chtogmaphy (IGC) is a tool to
investigate surface properties, especially the telacacceptor (acidity) and donor
(basicity) capabilities. Since oxidoreductases dbatfect cellulose, the study of surface
properties may lead to a better understanding eftizymatic treatment of linen fibers.
Thus, in this study linen fabric was enzymaticdllgached with oxidoreductases and the

resulting surface characteristics evaluated witG.IG

2.3.1 Surface characterization by inver se gas chromatogr aphy

Gas chromatography (GC) is one of the nmpbrtant and widely used analytical
separation methods in modern chemistry. It proviclgsd and very high resolution
separations of volatile compounds [65]. A typicaC Gonsists of a mobile phase, a
stationary phase in column, an injection port, amtitector.

Inverse gas chromatography (IGC) is anresiten of conventional GC. For IGC
small amounts of volatile probe molecules are tg@cinto columns carrying the
unknown solid polymeric stationary phase. Thisietetry phase is characterized by the
known properties of probe molecules as they pasaigih the column by means of an
inert gas.

IGC method has received much attention aeeent years since its invention in
1967 [66] and subsequent theory and methodologgldpment in 1976 [67]. IGC data
can be collected rather rapidly and convenientlgraxtended temperature ranges and a

variety of probes can be used in the mobile phaseharacterize the stationary phase.
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Besides its earlier application for determiningsgldransition temperatures, IGC is now
mostly used to study surface energy propertiesaaiibase interaction in material.

The surface properties obtained from IG@ @ae the dispersive component of the
surface free energy, the enthalpy and entropy tla@curface electron acceptor (acidity)
and donor (basicity) constants y(lEnd K, respectively). The dispersive component of
surface free energy of fibers calculated from t68€ lis difficult to measure by other
methods such as dynamic contact angle [68, 69]eid$ such as polymers, textile and
industrial fibers, wood and pulp fibers and compsshave been characterized by IGC.
The surface characteristics of fibers usually @ayimportant role in their applications.
For composites the chemical nature of the fibefaserdetermines the degree of adhesion
of the reinforcing fiber to the matrix. Cellulosmaterials are the common cost-cutting
fillers of composites. IGC has been used succdgsfor studying the surface of

cellulosic materials by several research groups{1072, 73].
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CHAPTER 3. EXPERIMENTAL

3.1 Materials

100% scoured unbleached cotton fabric waaiwed from Testfabrics, Inc., New
Jersey. The fabric weight per unit area was 10802g/

For reason of comparison two types of life@oric were used for this research. A
light-weight 100% scoured unbleached linen fabrichwiow lignin content was
contributed by Hefei Yayuan Dyeing & Finishing Coamy, China. The yarn count was
52/53 (warp/filling). The fabric weight per unitesr was 131.46g/mA coarse heavy-
weight 100% linen fabric with high lignin contentas bought from Inotex Company,
Czech Republic. The fabric weight per unit area 8&3.06g/m.

Glucose oxidase (202 U/mg), lumiflavin, riboflaviitevin mononucleotide (FMN),
semicarbazide, L-histidine, L-lysine, L-asparagiaed L-arginine were purchased from
Sigma-Aldrich Chemicals. Sodium acetate, sodiumréwide, glucose, and hydrogen
peroxide were purchased from Fisher Chemicals y&ioal grade).

Laccase (250 units/g), MnP (20 units/g), LiP (1Rrits/g) were purchased from
Tienzyme Inc., Salt Lake City, UT.

The analytical grade probes used for IGC were aget from Fisher. They were

used as received without further purification. Hpelar probes are n-pentane, n-hexane,

27



n-heptane, n-octane, and n-nonane. The polar prolees acetone, chloroform, and

tetrahydrofuran (THF).

3.2 Glucose oxidase bleaching of cotton fabric

A series of samples (control samples) prapared by using the intact enzyme. The

conditions for producing hydrogen peroxide by ghemxidase (GO) were set toC85
and pH 5.1 (0.05 M aqueous sodium acetate buft&)cose dosage was 10 g/L and
reaction time was set to 2 h. The concentratiorglo€ose oxidase was varied. The
bleaching process included two steps. First, hyeinqgeroxide was produced by glucose
oxidase at optimum conditions for the enzyme. Seécthre pH was adjusted to 7 or 10.5,
and bleaching performed at 90-@5for 2 h with the hydrogen peroxide generatedhay t
enzyme. Unbleached desized 100% cotton fabric ssnfl.5g) were treated with
bleaching solutions. The samples were neutralizét dilute acetic acid, washed in

water, air-dried.

3.3 Mimics of glucose oxidase for bleaching of cotton fabric

Aqueous solutions (60 mL) containing 10 mL 4.0 x“M mimicking compounds
(lumiflavin, riboflavin or FMN) were prepared. Aseetron donors either semicarbazide
(SC, 15 mM) or one or more of the amino acids liithise (His), L-lysine (Lys), L-
asparagine (Asp), and L-arginine (Arg) were addmmh¢entration varied, see text). For
experiments with amino acid(s) the treatment tines\w@ h and pH 5.1 (adjusted by
mixing of a solution consisting of 0.20 M boric @@nd 0.05 M citric acid solution with

a solution of 0.10 M tertiary sodium phosphate)e Thucose dosage was set to 10 g/L.
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Oxygen was supplied in gaseous form and bubblexligir the solutions simultaneously
ensuring adequate mixing. The aqueous solution® weadiated with a 75 W white
light.

For experiments involving semicarbazide the sohdiwere adjusted to pH 12.3
or 13.3 with sodium hydroxide and irradiated witlé@ W halogen light or 75W white
light for various lengths of time. The concentrataf riboflavin and semicarbazide were
varied. Oxygen was supplied in the same way asioresd above. The concentration of
hydrogen peroxide in the bleach bath was determiyeain iodometric method [74]. For

the actual bleaching step, the pH was adjustedaioID.5, and the reaction performed at

90-9%°C for 2 h with the hydrogen peroxide generatedh®y mimics. After bleaching,
the samples were thoroughly washed in water andragd. Their color coordinates were

compared with those of the control samples.

3.4 Laccase and glucose oxidase bleaching of cotton fabric

Cotton fabrics were pretreated with laccgd®m Sigma) with or without
syringadazine followed by the bleaching proces$ wigdrogen peroxide produced by
glucose oxidase. The pretreatment conditions wielré.p (0.05M sodium acetate buffer)
and 30 - 38C for 2h. The concentration of laccase was 0.1 §He treated fabrics were
thoroughly washed with boiling distilled water fb® min to deactivate the enzymes. The

conditions of hydrogen peroxide producing procegth wlucose oxidase were pH 5.1

(0.05M aqueous sodium acetate buffer) an@C3for 2h. The concentrations of glucose

and glucose oxidase were 10 g/L and 10 U/mL, rdsmdg. The bleaching was
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performed at 90-9%C for 2 h with the amount of hydrogen peroxide getexl in the

above step.

3.5 Laccase and glucose oxidase bleaching of linen fabric

The fabrics were pretreated with laccase followgdthe bleaching process with
glucose oxidase. The pretreatment conditions wiré.p (0.05 M sodium acetate buffer)
and 50C for 24 h. The concentration of laccase was varigwe treated fabrics were
thoroughly washed with boiling distilled water fb® min to deactivate the enzymes. The

bleaching process included two steps. First, hyeinqgeroxide was produced by glucose

oxidase at the enzyme optimum conditionsO@5at pH 5.1 (0.05M aqueous sodium

acetate buffer) for 2 h). The concentration of gh& oxidase was 20 U/mL. Second, the

pH was adjusted to 10.5, and bleaching performé&D&3C for 2 h with the amount of
hydrogen peroxide generated in the first step.

For reasons of comparison, a set of linen sampkes bleached with commercial
hydrogen peroxide. Triplicate sets of scoured wdiled 100% linen fabric samples
(1.59) were treated in the bleaching solutions. Jdmaples were washed in water and air-
dried. The bleaching bath consisted of 8% owf \{aight of fabric) 35% commercial
hydrogen peroxide, 3% owf sodium silicate, and M6 sodium hydroxide. The liquor

ratio was 50:1 and bleaching was carried out dirfgpiemperatures for 1 h.
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3.6 Testing methods
3.6.1 Determination of hydrogen peroxide concentration produced by glucose
oxidase

The concentration of hydrogen peroxide poedl by glucose oxidase was
determined by AATCC Test Method 102: Determinatioin Hydrogen Peroxide by
Potassium Permanganate Titration. The volume of ageeous hydrogen peroxide
specimen was 10.0 £ 0.1 mL. 20 £ 0.1 mL distilledteav and 20+ 0.1 mL of 20%
sulfuric acid was added to the flask while gentlyring. The above solution was titrated
with 0.588 N standardized potassium permanganaién(®) to faint pink color lasting
30 s. The concentration of hydrogen peroxide wésitzted by the following equation:
Concentration of kD, (mg/L) = V; x 100

where Vf is the volume of titrant in mL.

3.6.2 Determination of the activity of commer cial hydrogen peroxide

In industry, commercial hydrogen peroxide in aquesolution is used to bleach
cotton fabric. In order to compare the activity aifmmercial hydrogen peroxide and
hydrogen peroxide produced from GO, the amountt¥e peroxide was determined by
the above method at several different concentratafncommercial hydrogen peroxide
ranging from 0.5 g/L to 2.0 g/L were titrated byp8 N KMnQ, The active peroxide
corresponding to each concentration as titrated. 52 N KMnQ is shown in Figure 3.1.
A linear line was obtained following the equatigrs 708.52 x
where y is active hydrogen peroxide in mg/L, xaaeentration of commercial hydrogen

peroxide (g/L).
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Figure 3.1 Relationship between commerciaDiHand active peroxide (titration with

0.582N KMnQ)

3.6.3 Measurement of hydrogen peroxide concentration produced by mimics of
glucose oxidase

The concentration of hydrogen peroxide poedl by the mimics was determined by
an iodometric method. 10 mL aqueous hydrogen peeogolution was added to 1 g of
potassium iodiode in 100 mL sulphuric acid (1:2Z0)e mixture was allowed to stand for
15 min and the liberated iodine was titrated witindard 0.1 N-sodium thiosulphate until
the iodine has been nearly discharged. The corat@rir of hydrogen peroxide was
calculated by the following equation:

Concentration of kD, (mg/L) = V; x 68
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where Vf is the volume of titrant in mL.

3.6.4 Whiteness

The level of whiteness of control and treated sasiplvere measured with a
colorspectrophotometer (CS-5 Chroma Sensor, Daiadaternational) using DL* to
represent the difference in whiteness of the tcedédric compared to the control.

Several measurements at different spots of thecfalare taken and the results averaged.

3.6.5 Weight per unit area of fabric
Weight per unit area of fabric was measumlbwing ASTM D-3776: Standard

Test Method for Mass Per Unit Area (Weight) of Fabr

3.6.6 Lignin content

The lignin content of the untreated arehtied linen samples was determined by
TAPPI Method #222. The fibers were ground in a Witeill with a 40 mesh screen.
Sulfuric acid was used for carbohydrate hydrolyd®mL 72% sulfuric acid was added
to the oven-dried samples (2 + 0.1g) in 100 mL kesakwith gradual stirring. The
samples were macerated with a glass rod while kgepie beaker temperature at 2°€1
After dispersion of the sample, the beaker was kept bath at 20 +°C for 2 h while
being stirred frequently to ensure complete sofutibhe material in the beaker was
transferred to a flask containing 300 to 400 mLewxafdditional water was used to rinse
the beaker, dilute the flask content to 3% sulf@@id and adjust to a total volume of

1540 mL. The solution was boiled for 4 h and thsolable lignin allowed to settle
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overnight. The supernatant solution was siphonddtlobugh a glass filter without
stirring up the precipitate. The lignin was tramsfd quantitatively to the filter using hot
water and washed with hot water to remove residaia. The glass filter with lignin was
dried in an oven at 105 #£@ to constant weight, cooled in a desiccator anighvesl. The
lignin content was calculated as weight of ligner pven-dried sample weight as follows:
Lignin, % = W x 100/\W

Where W = weight of lignin, g; and ¥ oven-dry weight of samples, g.

3.6.7 Inver se gas chromatography

A Hewlett Packard 5700A series gas chrograjoh equipped with flame ionization
detection (FID) was used. The columns were cut fstaimless steel of ¥-inch (0.d.) to a
length of 0.5 m. The materials used for packingl®€ columns in this study were linen
fibers from the above fabrics ground in a Wileylrtol mesh size 40. 1.5 g linen fibers
were packed into the column evenly with the helmofibrator. As carrier gas helium
was used at a flow rate of 15 mL/min, measured Ispap bubble flow meter at room
temperature. The injector temperature was set @GiCl&nd the FID detector was heated
to 200C. The oven temperature ranged fronf@@o 70C and increased by 40
increments. Methane was used as a non-interactiiegence probe to measure the dead
volume of the column. The probes were injected raiywuby using 1.0 pl SGE
microvolume syringes, All measurements were repeaeveral times with minute
guantities of probe vapor (0.1 pL) for each injectio show for the elution peaks to be
reproducible. The retention times of each probeandethane were obtained from their

respective peak maxima and averaged for furtheutatlions.
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CHAPTER 4. RESULTSAND DISCUSSION

4.1 Glucose oxidase and its mimics for bleaching of cotton fabric

4.1.1 Glucose oxidase bleaching of cotton fabric

For commercial hydrogen peroxide bleachofgcotton fabric the amount of
hydrogen peroxide added to the bleaching bathléea to the impurities of the fabric
and the whiteness level requirement. The pH vafuihe bleach bath generally ranges
from 10 to 11 and the temperature from 90 to°@00rhese conditions are fairly harsh
and fiber damage could occur, especially in thesgmee of metal ions introduced by
rusty equipment.

For glucose oxidase bleaching, in order to achiéwe desired whiteness,
sufficient hydrogen peroxide must be produced by & glucose under aerobic
conditions. The amount of glucose and GO dosages@a important role in producing
hydrogen peroxide. In previous work glucose dosage determined to be sufficient at
10 g/L [2]. Figure 4.1 shows the relationship betw&O dosage and hydrogen peroxide
concentration with or without fabric in the treatméath. Within increasing GO dosage
from 2 to 10 U/mL higher concentrations of peroxodelld be achieved. Above 10 U/mL
GO the rate of peroxide production decreased asque research had demonstrated [2].

It is interesting that the presence of fabric dgrihis step played a considerable role in
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producing peroxide. Without the fabric the amouhperoxide produced was between

800 and 950 mg/L, while with fabric 1120-1260 mg#roxide was generated.
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Glucose oxidase dosage

Figure 4.1 Enzymatic production of hydrogen perexigith and without fabric by

glucose oxidase on dosage

The pH of the treatment bath is generallicial for all enzymes to perform at their
optimum. In the case of the interaction of GO vgthcose slightly acidic conditions (pH
5.1) are optimal. Hydrogen peroxide for bleachimgthe other hand, requires for the pH
to be adjusted to 7.0 [2] or 10.5 (industrial cdiotis) to be effective. In Figure 4.2 the
relationship between whiteness of enzymaticallyatihed fabric, GO dosage, and pH
setting is shown. The fabric whiteness was highenaeased GO concentration due to
more available hydrogen peroxide produced at hi@®@rdosage. The bleaching effect of

the bath at 10.5 was enhanced compared to pH Gudd loe expected.
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Figure 4.2 Whiteness increase of cotton fabric cameg to unbleached control when
bleached with GO at various levels and two pH v&l(i® 10.5). The fabric was added

during the previous bleaching step.

The amount of active peroxide was determined withrhethod described above. It
was found that more active hydrogen peroxide waeigded by enzymatic means than
was contained in commercial hydrogen peroxide. TR0 mg/L hydrogen peroxide

produced by GO equal 1410 mg/L commercial hydrggemoxide necessary to generate

the same amount of active peroxide.
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4.1.2 Peroxidases and laccase in GO bleaching cotton fabric

Manganese peroxidase (MnP) belong to liglegrading enzymes and showed
some applications for pulp bleaching. In this studynP has been added to promote the
GO bleaching effect for cotton. Various treatmetmods were explored. The results of

the different procedures are summarized in Figuge 4
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Figure 4.3 Comparison of whiteness of fabric bleactvith MnP and GO (see text for

explanation)

As the easiest approach, a two-step process wasoged in which cotton fabric was
initially treated with GO as described before (G&age 10 U/mL). Subsequently, MnP
(700 ppm), MnS® (0.5 mM), and linoleic acid as a mediatoryll/mL) were added to
the solution. The result was insufficient (DL* =7Z) compared to the control (DL* =

4.44). 1t could be speculated that the high blesgtemperature and pH were not suitable
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for MnP which performs best at temperatures ar®B@0FC and pH 4.5. Furthermore,
the addition of the metal ion Mhcould destabilize the peroxide and decomposeoit to
fast to lose its activity.

Based on this result, another processig wias added (third column in Figure 4.4).
After hydrogen peroxide production by GO, the fabis immersed in a solution
containing 700 ppm MnP and 0.05 mM Mt pH 4.5 and treated for 24 h af@0Then,
the fabric was bleached at alkaline condition amgh temperature, simultaneously
deactivating the enzyme. Fabric whiteness sligimigroved (DL* = 3.00), however not
satisfactorily. The existence of Kfrmay still account for the loss of peroxide activit

Consequently, two pretreatment steps weveldped (fourth column in Figure 4.4).
The cotton fabric was immersed in pH 4.5 (0.05 mi&anate) solutions containing MnP
(700 ppm), MnS®(0.5mM), GO (1.0 U/ml), glucose (20 mM) with/withilinoleic acid
(1 pL/mL). The fabric was treated for 24 h at 30°C. Tineated fabric was then
transferred to a solution containing 1.2 % o.w.fTADand treated at pH 5 and 50°C for
30 min. The purpose of EDTA was to overcome themi! negative impact of Mhby
chelation. The third and four steps in this processe the same as in the original
GO/MnP bleaching process. The whiteness increasddr0 and 4.01 with and without
linoleic acid, respectively. MnP may oxidize thelzn-carbon double bond (C=C) in
linoleic acid producing a peroxyl radical. The pnodd radical might act as oxidant for
on non-phenolic compounds in lignin [75].

Horseradish peroxidase (HRP) uses hydrqueoxide for oxidation of aromatic
compounds. Theoretically, HRP can act as hydrogeaxue activator. The application

of HRP in GO bleaching was explored by using ddfeércombination and treatment
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conditions. The process developed for HRP and G€adbling resembled that of
GO/MnP bleaching with the only difference beingtthiRP was added during the first
stage since this stage was performed under mildiomacondition. Figure 4.4 shows the
effect of HRP on the whiteness of fabric. The additof HRP in the first stage

influenced the whiteness of fabric to a certaireekt
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Figure 4.4 Comparison of whiteness of fabric bleaclwith HRP under different

methods and pH (see text)

Using HPR/GO at pH 10.5 and 7, the whiteness ise®avere 4.67 and 4.38,
respectively (columns 4 and 5 in Figure 4.4). Comgawith the whiteness of fabric
bleached by GO only at these pH values (4.44, adightly higher whiteness increase

was observed at pH 10.5 while at pH 7 the incréaseore pronounced with HRP in the
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system. If the process was conducted without irstngathe pH and/or temperature, the

addition of HRP did not improve the whiteness (Bi.6.17; third column in Figure 4.4).
Subsequently, combinations of GO and lazeesre explored for bleaching cotton

fabric. The influence of laccase, mediator, andgexyon the whiteness of GO bleaching

was studied. Table 4.1 shows some of the results.

Table 4.1 Whiteness increase DL* of fabric bleachedh Laccase and GO

(syringaldazine as mediator)

Enzyme treatment; with/without mediator Whiteness D
GO 4.44+ 0.22
Laccase, then GO Syringaldazine 3.89+0.19

No mediator 4.38+0.22
Laccase with GO Syringaldazine 3.72+ 0.19

No mediator 3.90+ 0.20
Laccase + @ then GO Syringaldazine 2.70+£0.14

No mediator 4.70+£0.24
Laccase with Cellulase, then GO 4,55+ 0.23

Laccase treatment alone did not improve fabric evtess although it is possible that
the structure of aromatic noncellulosic compoumdsatton changed somewhat. With the
combination of GO and laccase the results couldnifgroved. The fabric was first

pretreated in a pH 6.0 buffer solution containiagchse (0.1 g/L) for 2 h at %5
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followed by the GO bleaching procedure describddriee The pretreatment did not yield

a major improvement in whiteness (DL* = 4.38). Lases are known to use molecular
oxygen as co-substrates. Thus, oxygen was supptiegaseous form and bubbled
through the pretreatment solution. With oxygen thecase pretreatment lead to an
increase in fabric whiteness (DL* = 4.70). Redoxdm#rs were suggested by other
research groups to improve the efficiency of laesafor they can enlarge their redox
potential by generating stable radicals. Syringalta (0.5 M) was used in this study.
However, from the results shown in Table 4.1 it banseen that the whiteness of fabric
actually decreased after laccase-mediator systesrintiduced even with oxygen in the
system. Thus, the mediator concept was not appiclr this process. The possible
reason might be the yellow color of syringaldazimeich adds a yellowish tint to the

fabric.

4.2 Mimics of glucose oxidase for bleaching of cotton fabric

FAD, the active site of GO, and amino amdidues adjacent to FAD, catalyze
transformation of glucose into gluconic acid, ie firocess of which hydrogen peroxide
is generated. The structures of FMN, riboflaving &umiflavin are similar to FAD. Thus,
these compounds were selected to mimic the behakieAD in reaction. Based on work
of De la Rosa et al. [13, 14] on light-sensitizeditogen peroxide production by flavin
compounds, as electron-donor, semicarbazide waallyiselected for these experiments
as it had proved to be most efficient. Additionalsy light source with defined energy
output was installed. It had also been establigh8fithat the photochemical formation

of hydrogen peroxide is greatly influenced by thevalue.
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In this work, the concentration of flavins and thmount of semicarbazide were
varied. Higher pH values favored the rate of hydrogeroxide production. Oxygen was
supplied in gaseous form and bubbled through theisns. The relationship between the
riboflavin concentration, and semicarbazide andrbgen peroxide concentration is
shown in Figures 4.5 and 4.6, respectively. Theemifroflavin was used for the reaction,
the higher concentration of hydrogen peroxide cdugdproduced. The semicabazide
dosage also played a role in the production of dyyeln peroxide. The flavin produced

hydrogen peroxide increased with the increase ofic®bazide dosage and reached

maximum at 0.1 g.
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Figure 4.5 Effect of riboflavin concentration ondnggen peroxide concentration (0.1 g

semicarbazide; pH 12.3; 75 W light lamp; riboflagioncentration 4.0 x 10M; 8 h)
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Figure 4.6 Effect of semicarbazide dosage on hyehiqgeroxide concentration (10 ml 4.0

x 10* M riboflavin; pH 12.3; 75 W light lamp; 8 h)

The photochemical formation of hydrogeroxide is also greatly influenced by
the pH value. Higher pH value greatly enhanceddale of hydrogen peroxide production
as mentioned before. In Figure 4.7 the amounthoftgchemically produced hydrogen
peroxide by riboflavin is presented in relatiorthe irradiation time at pH 12.3 and 13.3
(white lamp 75 W). At pH 12.3 the concentratiorhgtirogen peroxide increased during
the first four hours of the reaction, then levetdd Hydrogen peroxide production at pH

13.3 was almost three times higher than at pH 48Bkept increasing with reaction time.
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Figure 4.7 Production of hydrogen peroxide by ditsah with the extension of time at

pH 12.3 and 13.3 (10 ml 4.0 x 1o/ riboflavin; 0.1 g semicarbazide; 75 W light lamp

The mechanism of light-sensitized biomimicking ntigliscount for the reason that high
pH values benefit the hydrogen peroxide productfonne-electron transfer reaction has
been widely accepted for the mode of reactivityegtited flavins with the electron

donors [76]. The flavin semiquinone form producealyrtransfer the acquired electron to
molecular oxygen and to the superoxide anion, tdyce hydrogen peroxide. The
photoreduced dihydroflavin (H at N1 and N10 posilican either be oxidized by the
presence of oxygen directly:

FlavinHh + O,—  Flavin + HO;

or go through a radical route indirectly:
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Flaving + O,—> FlavinH+ O, + H'

Flavink + O, + H—»  FlavinH+ H,O,

FlavinH+ O,— Flavin + @ + H"

2Q°+H — Q+ H0;

The high pH value and the disproportionation ofesogide to hydrogen peroxide might
favor the reaction via superoxide. The reactiomafgen with the anionic flavin radical
should be faster than with semiquinone in neuttdical form [17].

Since the pH value producing most hydrogernoxide by the mimics was 13.3
under the applied conditions and the proper pHhjairogen peroxide bleaching is 10-11,
it was important to adjust the pH. The photochellygaroduced hydrogen peroxide was
thus used to bleach cotton fabric after lowering pi.In Figure 4.8 results for fabric
whiteness are presented obtained with riboflaviptdt10.5 and 7. At pH 7 a steady
increase of fabric whiteness with time was obserwdile at pH 10.5 whiteness reached
a maximum at 8 h, corresponding to the amount dilalvle hydrogen peroxide.
However, even with such extended treatment time$; approximately 70% of the
whiteness levels of the enzymatically (GO) treatedtrol could be achieved.

The efficiency of the photochemical system might retated to the type of
mimicking compound as well as the light source witishspecific energy output (Figures
4.9 and 4.10). Compared to riboflavin and lumiftgvFMN together with the 60 W
halogen light source was more effective regardihiieming the cotton fabric, even with
the concentrations of hydrogen peroxide being 8iigbwer, and lumiflavin performed

best with the 75 W white light. Overall, the reswf both light sources were similar.
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Figure 4.8 Whiteness increase of cotton fabrictéeavith riboflavin as a function of
treatment time and pH compared to the scoured @ofit® ml 4.0 x 1d M riboflavin;
0.1 g semicarbazide; pH 13.3; 75 W light lamp);ableng of cotton fabric was

performed at 90-9& for 2 h at pH 7 or 10.5
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Bleaching was performed at 90°@5for 2 h at pH 10.5
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Amino acid residues in direct neighborhood to FA® believed to play a vital
role in the reaction as electron donors. For tegearch, histidine (His) and lysine (Lys)
were used to mimic the environment of FAD and tppsut the electron transfer. In
addition, the effect of aspartic acid (ASP) andirarg (Arg) was studied. The pH was
originally varied in the range of 4 to 10, inclugipH 5.1 which is the optimum pH for
the intact GO used in the control experiments. Higbr lower pH values resulted in
lower performance of the mimics; thus, only resaitspH 5.1 are reported here. The
energy output of the light source was also vared,only results obtained with a 75 W
white light for irradiation are presented here sittise difference between light sources
was insignificant.

In Figure 4.11 the effect of peroxide concentrationl different combinations of
these amino acids and mimics on hydrogen peroxideugtion is presented. Equal
molar ratios of each amino acid in combination wased. The results indicate that His
and Lys were more effective than His alone or thmmination of His, Asp, and Arg in
producing peroxide.

The addition of Arg and Asp to His and Lys did regnificantly improve
peroxide production. Regarding the mimics, lumiftaseemed to be more effective than
riboflavin. In Figure 4.12 the relationship of peigte concentration and the different
flavin mimics under otherwise same conditions amn@gared.

Since the combination of His and Lys seemed to woest to mimic the
environment of FAD and His 516 and His 559 areired vicinity of FAD of the intact

GO [8], different molar ratios of His and Lys westeidied further.
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Figure 4.12 Production of hydrogen peroxide by Rawin, riboflavin, and FMN with

mole ratio of His and Lys of 1:1(10 ml 4.0 xA™ flavins; pH 5.1; 75 W light lamp; 8 h)

Table 4.2 Production of hydrogen peroxide by luaviih with varied dosage of His and

Lys (mole ratio 2:1)

His (mole) Lys (mole) KO, (mg/L)
2 x 10" 1x 10 40+ 3.4
5x 10* 2.5x 10* 102+ 3.4

6.4 x 10* 3.2x 10° 107+ 1.7
9x10* 4.5 x 10* 122+ 1.7

1.8 x 10° 9 x 10* 150+ 3.4
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In Table 4.2 the amounts of hydrogen peroxide isted that were generated in
presence of lumiflavin with increasing dosage of Hind Lys at a 2:1 mole ratio.
Hydrogen peroxide concentration produced by thimimisystem increased with the
increase of amino acid dosage.

Even though hydrogen peroxide could be producethbyflavin mimics/amino
acid system, the relative amount was lower thaninitect enzyme could generate (see
Figure 4.1). It was assumed that the electron doapacity of the free amino acids under
the chosen experimental conditions was not quitiecgnt. In this aspect, semicarbazide
was more effective. The hydrogen peroxide produactiowever occurred at more benign
conditions (pH 5.1) with amino acids while semi@aide only functioned well at highly
alkaline pH values.

The intact glucose oxidase enzyme in ordiform shows an absorbance maximum
at 280 nm and two additional maxima at 377 nm &%ln which originate from FAD.
Basicity at the active site in the intact enzymeceassary for the interaction with the
substrate, is most likely provided by histidineesgtoups. Exposure to light causes the
FAD mimics to become more reactive, which is expedsin a shift of the absorption
maximum to shorter wavelengths and lower intensifjle absorption spectra of
riboflavin, lumiflavin, and flavin mononuleotideeashown in Figures 4.13, 4.14 and 4.15,
respectively. Riboflavin, for example, exhibits tw@axima (376 and 454 nm) which are
almost at the same wavelength as those of FAD.pEa&s shift to 358 and 449 nm upon
light exposure. For lumiflavin and flavin mononuige the wavelengths of the
absorbance maxima decreased upon exposure timepddsible reason of additional

maxima might be found in the reduction of the flesvby irradiation.
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Figure 4.15 Absorption spectra of FMN before andrafradiation

4.3 Mimicsfor peroxidases

Some peroxidases contain ferriprotoporpHdn as their prosthetic group. An
example is horseradish peroxidase. Its prosthetroupy consist of hemin,
ferriprotoporphyrin IX (iron 1ll). There are a laggvariety of compounds based on
metalloporphyrins available with different typesroétal ions, some of which are found
in natural dyes, chlorophyll, blood, etc. Howevenly few of these compounds are
suitable as mimics of peroxidases due to their smlubility or their inherent color.
Possible mimics include porphyrin iron, hemin, aa@stituted phthalocyanines.

Hemin was selected as potential mimictl@ catalytic behavior of peroxidases in

this research. The conditions of producing hydrogeroxide were same as used for the
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bleaching process for cotton fabric with the glecosidase concentration at 10 U/mL at
high temperature and pH 10.5. Three different @secvariations were investigated:
hemin was added to the GO-containing solution;nlifebric was pretreated with hemin
before high temperature bleaching and after GOywtah of hydrogen peroxide; hemin
was added during the high temperature bleachinggsso The concentration of hemin in
all process variations was 0.001 g/ml. The rexflthese approaches are listed in Table
4.4. Compared with the whiteness of cotton fabbkb*(= 4.44) bleached with hydrogen
peroxide produced by GO the addition of hemin desed the whiteness of the fabric,
especially when hemin was added to the GO solbdrf = -0.33). It is possible that the
yellowish color of hemin interfered with fabric viliness as well as reduced the amount

of available bleaching agent.

Table 4.3 Whitening effect of hemin and Mn phthgkrame

Mimics Whiteness DL*
Hemin

GO + hemin, bleaching -0.33

GO, hemin, bleaching 0.31

GO, bleaching (hemin) 1.42

Mn phthalocyanine

Phthalocyanine, GO, bleaching -2.19

As another potential mimic, phthalocyaninesveelected for bleaching of cotton

fabric. Fabric was pretreated with 0.01 g/ml Mnhatbcyanime at pH 4.5, 25 for 24 h.
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However, the experiment failed (DL* = -2.19). Mntpalocyanine is blue and has some
affinity for fibers, thus functioned as a dye rathkan as a bleaching agent. Other
phthalocyanine based compounds showed similar @mublin addition to solubility

issues.

4.4 Use of laccase, MnP, LiP and GO for bleaching of linen fabric
4.4.1 Laccase and GO combinations for bleaching linen fabric with low lignin
content

As mentioned before, excellent results for bleagliould be achieved with GO. The
whiteness of the cotton fabric was comparable tat thchieved with conventional
chemical agents [2, 75]. The combination of GO parbxidases was explored to further
improve the whiteness level. On cotton peroxidasgsout GO, however, performed
poorly, and the combination of GO and peroxidases mbt yield the desired
enhancement.

Peroxidases have successfully been applied inrdfigtion processes for wood pulp.
The presence of lignin appears to have a greatanfie on the whitening process. Thus,
scoured unbleached linen fabric containing fair ame of lignin was used as the
substrate for experiments with peroxidases to oeptamtton. Laccase was then studied in
more detail due to availability and overall perfame. Two types of linen fabric were
used for these experiments, one of which was a-ligdight plain-weave fabric with low
lignin content obtained from China, and the othbeavy-weight coarse fabric with high
amounts of lignin from the Czech Republic. Thedaling section will focus on linen

containing a small amount of lignin.
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The experimental conditions for the treatimof fabric with laccase were based on
the influence of pH and temperature on laccaseictirhe optimum temperature for the
treatment was 5C and the pH 6.0 as suggested by the manufacflinerconcentration
of laccase ranged from 1 to 20 U/g fabric. Two kinof enzymatic processes were
applied in order to study the influence of laccasethe whiteness of fabric: in one
process only laccase in different concentrations used to treat the fabric. The second
process consisted of three steps. First, fabric treeded with different concentration of
laccase. Second, hydrogen peroxide was producectdstion of GO (10 U/mL) and
glucose. Third, hydrogen peroxide generated inptleious step was used to bleach the
fabric.

The relationship between laccase concentrationvdriteness of fabric is shown in
Figure 4.16. The treatment of fabric with laccasena could slightly improve the
whiteness of fabric but not sufficiently, and thencentration of laccase did not have
much influence on fabric whiteness. For the falirgated with the combination of
laccase and GO, however, the whiteness of fabdeased with the increase of laccase
concentration and reached maximum at 10 U/g. Oydfa treatment of fabric with
laccase might remove some of the lignin presenthvhi turn improves the whiteness of

GO bleached fabric.
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Figure 4.16 Relationship between laccase concérirahd whiteness increase DL*

The optimum conditions for producing hydeagperoxide by glucose oxidase were

350C and pH 5.1 with concentrations of GO between @ 20 U/mL. The influence of

glucose oxidase concentration on the whitenesalwid is shown in Figure 4.17. The
whiteness of fabric increased with increase in GQade for both fabrics treated with
GO and fabric pre-treated with laccase. At a GQceatration of 20 U/mL the whiteness
of fabric was very close to that of chemically laleed fabric. Higher concentrations of
GO produced higher concentrations of hydrogen pdeowhich resulted in a higher

whiteness of the fabric.
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Lignin in linen fabric might play an impartt role in enzymatic whitening processes.
Lignin is the most complex natural polymer. The atxatructure of lignin is still
unknown. Model structures have been elucidatedhbydegradation products from lignin.
As an example, Figure 4.18 shows a structure mimaedoftwood lignin [77] which is
thought to be closely related to the structureigriih in the flax fiber. The chemical

structure of lignin may affect the pulping and leleag process of flax fibers.
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The whiteness increase (DL*) of the lighetght linen fabric was only 2.24 (see
Table 4.3) after bleaching with hydrogen peroxidedpicedin-situ with GO, thus much
lower than after chemical bleaching (3.82). Faboataining a more substantial amount
of lignin emphasized these results even more. Arease in whiteness of only 7.23 (GO
process) as opposed to 19.18 for chemical bleackiasgyachieved with the coarse linen
fabric. It is possible that the dense structuretho$ fabric obstructed or slowed the
effective access of enzymatically produced hydrogeroxide to incorporated natural
pigments, and thus in conjunction with the highgnih content, did not allow for better

results.

Table 4.4 Increase in whiteness of enzyme-treatwsh [fabric compared to the scoured

control
Samples Whiteness increase DL*
Linen fabric (light-weight)  Linen fabric (heavy-vgt)
Laccase 1.9+0.1 -0.95+ 0.05
GO 2.24+0.11 7.23: 0.36
Laccase and GO 3.44+0.17 11.3A 0.57
Chemical 3.82+0.19 19.18 0.96

Lignin, present in linen fabric, is a potential strate for peroxidases, such as
laccase. Thus, the fabrics were treated with lacecagler optimum conditions for the
enzyme (pH, temperature, etc.). The light-weigheti fabric, containing a small amount

of lignin (4.4%, see Figure 4.19), showed an inseda fabric whiteness DL* of 1.9. The
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coarser fabric from the Czech Republic could notbleached by means of a laccase
treatment alone. With lignin (7.8%; Figure 4.20)bmdded in the walls of the ultimate
cells of the fibers and between fiber bundles therge structure of the linen fabric might
not have been open enough for the reaction wittalse. Common mediator systems for

laccasd75] did not markedly influence the outcome of thecase reaction.

Lignin content (%)
w

2 |
11'3 1‘]'2 L
L L
1 |
0 T T T 1
untreated Laccase GO Laccase + Chemically
linen fabric treated bleached GO bleached
bleached

Figure 4.19 Lignin content (%) of enzyme-treateghtiweight linen
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Figure 4.20 Lignin content (%) of enzyme-treatedvyeweight linen

A combined treatment using both enzymes showed rbetier results. Laccase
and the flavoprotein GO seemed to work in a sys@igmanner. The combination of a
laccase pretreatment followed by peroxide produaatmsitu by GO could significantly
improve the whiteness of the coarse fabric (DL* E3¥), which equals approximately
60% of the whiteness achieved by a chemical blelichas thus much higher than the
whiteness increase (7.23) gained by GO alone. k@iight-weight fabric a whiteness
increase of 90% was observed compared to the ch#éynldeached fabric (whiteness

considered as 100%).
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From the above presented analysis it agpd¢lat the whitening process is
influenced by the presence of lignin, however fabvhiteness and lignin removal could
not be directly correlated. In Figure 4.20 the iiganalysis of the light-weight linen
fabric treated with different enzymes is presengdter treatment with laccase the lignin
content dropped by 48% and with GO by 70%. Chenbtsdching caused a decrease of
about 64% and combinations of different enzyme V@80 treatments yielded a 73%
reduction in lignin under the most favorable coiodis. The whiteness index of the
treated linen samples improved accordingly, thowghout direct correlation. It again
became clear from these results that best conditonld be obtained by the combination
of oxidoreductases.

In the case of the coarse linen fabricerafaccase treatment the lignin content
decreased by 56% and the GO treatment led to adss¥ease (Figure 4.21). Chemical
bleaching caused a decrease of about 51% and catioinis of laccase with glucose
oxidase treatments yielded a 65% reduction inigmder the optimum conditions.

Laccase is an important enzyme in lignin degiadaprocesses and potential
reactions with lignin functional groups are numesraue to lignin’s complex structure
[78-81]. For example, phenolic subunits in ligniould react with laccase via a one-
electron oxidation, followed by further enzymatic won-enzymatic reactions of the

formed radicals (Figure 4.21).
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Figure 4.21 One-electron oxidation mechanism peréat by laccase and subsequent

non-enzymatic reactions

Both phenolic and non-phenolic lignin greugan be subject to degradation by
peroxide oxidation[82]. The hydroxyl groups in phenols and/or in- carbons are

oxidized to the corresponding aldehyde or ketonectfonal groups (Figure 4.22).

Applied to the linen fabrics used in this reseamatme oxidized lignin residues might
have become water-soluble, leading to the obsedesdease in lignin content, and
allowing for access to embedded natural pigmentglligose oxidase produced hydrogen
peroxide. As a consequence the fabric whitenesgiisased.

Alkaline hydrogen peroxide can also resaltoxidation of lignin components.
Lignin is degraded by nucleophilic attack of hydrbradicals generated from hydrogen
peroxide on the side-chain of the aromatic rindpfeed by ring-opening reactions. Low
molecular weight products [82] possibly obtainednir the oxidation of lignin by
hydrogen peroxide at high temperature are showrkigure 4.23. Most of them are
aromatic and aliphatic carboxylic acid compoundsn&ny carboxylic acid groups are
obtained, the hydrophilicity of lignin will be enheed which facilitates the dissolution of
lignin. The removal of oxidized and water-soluldsidues of lignin leads to the decrease

of lignin content in linen fibers and thus concanily to a whiteness increase.
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4.4.2 Application of MnP, LiP and GO for bleaching linen with high lignin content

GO has shown to perform synergistic reactions wknoxidases, especially with
laccase, when used on linen (see previous sectahdg peroxidases alone did not have
a sufficiently pronounced effect. Peroxidases aaghiP and MnP are lignin degrading
enzymes. While MnP is able to oxidize phenoliciligmoiety but not nonphenolic lignin

units, LnP is capable of oxidizing of nonphenolioraatic compounds.
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Enzymes

Figure 4.24 Whiteness increase of coarse linendat@ated with peroxidases and GO.

In a set of experiments it was investigated whethbric with higher lignin content

could be bleached with LiP or MnP alone to suffitievhiteness or whether a
69



combinational treatment might also be necessarg. résults are shown in Figure 4.24.
Compared to GO bleached fabric, laccase was méeetiek in regard to whitening the
fabric than LiP or MnP. Whiteness increased by 5{B@ sample used as control),
followed by whiteness levels observed after treatm@th combinations of LiP and GO
(32%), and MnP and GO (18%). Again, laccase seetnetle the most effective
peroxidase in this aspect. However overall, lex#lsvhiteness obtained by chemical

means could not be achieved by any of the enzymagibods.

4.5 Surface characterization of enzyme-treated linen fabric by IGC
4.5.1 Dispersive component of the surface free energy (linen with low lignin content)

An attempt was made to characterize the modifiethse of the fabrics after the
oxidoreductase treatment, using IGC. Since celuldas not a substrate for
oxidoreductases all detected surface changes shwmrdor changes in accessible lignin.
Experiments were performed for the light-weighthrnsamples only.

IGC data analysis involves measuring thentegon times of the probes injected into
the columns packed with ground linen fibers. Theiwaf the net retention volume,V
was calculated by the following equation [83, 84]: 8

Vo= JF(t, -t ) (1)
Where F is the carrier gas flow rate, J is a ctimadactor for any pressure drop across
the column, tand ¢ are the retention times of the probe and non-acterg probe such
as methane determined by peak maximum for a synoakpeak. | is defined as the
amount of carrier gas required to elute the ingatelume of probe molecules from the

column and is a measure of the interaction betypeebe and materials in the column.
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The net retention volume is related to thermodynamic functions through
equation (2):
AG, =-RTInV, +C (2)
whereAG; is the free energy of adsorption, R is the ides gonstant, T is the column
temperature, and C is a constant. Probes usethdse texperiments and their properties
are listed in Table 4.4.

Table 4.5 Characteristics of IGC probes used [85, 8

Probe a (AY yd (mdnf) AN DN Specific
molecule (kcal/mal) characteristic
CsH12 45.55 16.1 0 0 neutral
CeH14 515 18.4 0 0 neutral

C/His 57.0 20.3 0 0 neutral

CgHis 62.8 21.3 0 0 neutral
CoHao 68.9 22.7 0 0 neutral
acetone 42.5 16.5 17 12.5 amphoteric
CHCl; 45.0 25.9 231 0 acid

THF 45 19.2 8 20 base

The surface energy is the sum of the easrgrising from many different sources
including dispersive component from van der Waald hondon forces, and acid/base
component from Lewis acid/base interactions andrdyeh bonding. When neutral
probes such as n-alkanes were used, the acid+tasadtion between the probes and the

fibers can be neglected. The free energy of adsorpain be written through the Fowkes’
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approach [86]:

RTIn(V,) =2N@Q/y’ §4 +C 3)
where N is Avogadro’s number, a is the surface arehefadsorbed probe molecules,
y and yd are the dispersive components of the surfaceeineegy of the probe and the
solid, respectively, and C is a constant.

Plotting RT In(V, ) againsta(y{")° for the adsorption of n-alkanes yielded a straight

line, the value ofy¢ can be obtained from the slope of the straiglet (ee Figure 4.25).

y =6.0021x - 13.062
R? =0.9994

RTIn(Vn)

O R, N W S ooroo N @
|

1
N
w
N

1/2

ay

Figure 4.25 Example of IGC data used for the detastion of yo and AG, for linen

fibers treated with laccase and GO at@0

The values of ¢ at four different temperatures are presented inl€T4.5. Plots of

ys as a function of temperature for the substrates sirown in Figure 4.26. The
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dispersive component of the surface free energlldubstrates decreased with increase
of temperature from 40 to 70. This means all the substrates showed a negative

temperature coefficient in this temperature range #ne dispersive component of the
energy of adsorption was exothermic. At lower temipees (40°C and 50°C), thef
values of untreated linen fiber were a little bigher than those of enzyme and
chemically treated linen. There was no big diffeeemmongy? values of unbleached
fiber and enzyme-treated fibers. The greatest miffee was only 3.27 mJfmThe
average values of{ for all substrates were very close except for theustrially

bleached linen sample with a slightly lower valueisTimdicates that the interactions
(London forces) between substrates and nonpolareprale almost same. The values of

y3 agree with data found in literature. The enzymatinent might only touch the small

molecular components and lignin on the surfaceubksates while the major cellulose

was untouched.
Table 4.6 Disperse components of surface free ey (mJ/ nf) of linen fibers at

different temperatures (R-1)

T Unbleached Lac. GO Lac. + GO  Chemical Industry

(°C) control

40 47.41 44.84 45.22 46.43 44.39 41.77
50 43.75 40.48 42.37 43.35 40.52 40.07
60 38.04 36.66 40.10 43.11 38.22 34.79
70 35.20 36.03 36.77 36.02 35.45 31.94
Ave. 411 39.50 41.12 42.23 39.65 37.14
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Figure 4.26 Values of surface free energi€sat different temperatures

4.5.2 Free energy of adsor ption, free enthalpy and entropy of adsorption (linen with

low lignin content)
If polar probes are used in IGC experiments, therawtion of polar probes with the

substrate includes both dispersive interactions agid-base interactions. In the plot of

RT In(V,) versusa(y’)®, the acidic, amphoteric, and basic probes will avfrom the

straight line. Polar probes are above the line &tniby the n-alkane probes. The
contribution of the acid-base interaction to theefrenergy of adsorption can be

determined by the difference between the valu&Dbin(V, for)a polar probe and the

value of RTIn(V, )on the reference line for non-polar probes with shenea(y!)®
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value. The free energy of adsorptiaxG2® corresponding to the acid/base interactions,

is given by the equation [88]:

Vﬂ
ref

Vv

n

AG/® = -RT In(

) (4)

whereV, is the retention volume of the polar probe &8 of a corresponding non-
polar reference probe [89]. Values of the free gpesf adsorption corresponding to
surface acid-base interactiod§®, are summarized in Table 4.6.

The free enthalpy of adsorptidH 2® corresponding to the specific acid/base
interactions can be determined by studying the eratpre dependence &G °
according to the following equation:

AGZ® = AH® —TAS/® (5)
where AS?® is the free entropy of adsorption correspondingspecific acid-base
interactions. TheAH /® value is determined as the slope of the ploAGE® /T versus
1/T (see Figure 4.27). The corresponding values ofadyghof adsorptionAH 2® and
entropy of adsorptionAS?® are presented in Tables 4.7 and 4.8, respectively.

By contrast, the values dfH ® for enzyme and chemical bleached linen fibers were
lower than those for corresponding unbleached obn8imilar results were observed
with values forAS/®. It could be interpreted as the treated linenrfibeaving weaker
acid and basic properties than the unbleached. fitkes can be confirmed by comparing
of K, and K,. The values ofAH *® for acetone, THF, and chloroform are very close.
Thus, the fiber samples used in this study werehatepic.
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Figure 4.27 Example of IGC data interpretation thee determination ofAH 2® for

linen fibers treated with laccase and GO
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Table 4.7 Free energies of adsorptit@®*® (KJ/mol)

Substrate/probe - AG™® (KJ/mol)
40°C 50°C 60°C 70°C

Scoured unbleached

Acetone 5.70 5.88 5.53 5.23

Chloroform 3.14 2.71 2.71 2.43

THF 3.65 3.61 3.35 3.06
Laccase treated

Acetone 4.24 4.12 3.78 4.00

Chloroform 3.16 2.98 2.70 2.53

THF 3.37 3.23 291 2.95
GO bleached

Acetone 4.40 4.54 4.64 4.01

Chloroform 3.05 2.96 2.84 2.44

THF 3.28 3.23 3.29 2.93
Laccase + GO bleached

Acetone 4.10 4.30 4.40 3.67

Chloroform 2.88 2.80 2.79 2.24

THF 3.15 3.15 3.22 2.73
Chemically bleached

Acetone 5.35 5.48 5.39 5.20

Chloroform 2.73 2.55 2.50 2.27

THF 3.46 3.36 3.27 3.14
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Industrially bleached

Acetone 3.38 341 3.18 2.99
Chloroform 1.19 1.22 0.95 0.77
THF 2.28 2.29 2.09 1.95

Table 4.8 Free enthalpies of adsorption of lineer4H"® (KJ/mol)

Probe - AH™® (KJ/mol)

unbleached Laccase GO Lac €hemically Industrially

GO bleached bleached

Acetone 11.17 7.73 761 7.64 7.04 7.74
Chloroform 10.82 8.42 6.39 6.80 6.75 6.08
THF 9.92 10.00 9.11 8.82 7.17 5.98

Table 4.9 Free entropies of adsorption of lineerS*® (KJ/mol)

Probe - A3® (3/mol)
unbleached Laccasec0 Lac. + Chemically Industrially
GO bleached bleached
Acetone 17.03 11.26 9.80 10.75 5.15 13.70
Chloroform 19.82 16.18 9.75 11.38 10.50 11.97
THF 24.36 21.84 19.16 18.71 14.21 15.08
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4.5.3 Acid-base characteristics of surfaces of linen fiberswith low lignin content
The free enthalpy of adsorptitsl 2° is related to the electron acceptor (acidity)

and donor (basicity) constants of the solid makgri§, and K,. The values of Kand K,

can be obtained by the following expression [8§; 90

AH 2% =K, [DN + K, CAN (6)
where DN (kcal/mol) and AN (kcal/mol) are the domd acceptor numbers of the acid
and base probes as defined by Gutmann [87].

Gutmann developed a new approach to theelzase concept. He studied acid-base
self interactions which lead to the characterizatd the strength of both acid and base
functionalities. According to Gutmann, a Lewis agdonsidered as an electron acceptor
and a Lewis base as an electron donor. Antimonyapéforide (SbG), a strong Lewis
acid was used as a reference acceptor. The basmr dtrength was determined by
calorimetric heats of acid-base interactions ofidasmpounds with Sb&l A neutral
solvent 1, 2-dichloroethane was used in the measme The donor number (DN) was
defined as the negative of the enthalpy of reacti@tween the basic compound
investigated and the reference acid SbCl
DN

base = ~OH g01. _pace

The acceptor number (AN) was defined byrttagynitude of induced chemical shift
of **P NMR spectra of the base triethylphosphine oxEgP©) while dissolved in the
acid under investigation. A scale was provided &signing zero to the shift in n-hexane
and 100 to the shift generated byHED in the solution of 1, 2-dichloroethane with the
reference acid. The acceptor number is determioearding to

AN, =100(3

corr

)3

corr

(SbCl, - Et,PO)
79



whered. . is the>'P NMR chemical shift of EPO at infinite dilution in solvent S.

corr

Plotting ofAH2® / AN versus DN/AN, a straight line can be obtained sitipe K,

and intercept K (Figure 4.28). Table 4.9 lists the, Knd K,values for the linen samples.
After the enzyme treatment as well as after thenite bleaching processikand K,
values decreased. This is consistent with the dvdearease of lignin content. However,
it was surprising to find that the glucose oxidasatment by itself yielded a larger drop
in Ky and K, than the laccase or the combined enzyme treatraspgcially regarding
surface acidity, while lignin content was lowestamhiteness highest for the combined

treatment.
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y = 0.2212x + 0.3936
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Figure 4.28 Plot ofAH® / AN againstDN/AN for determination of electron acceptor

constant Kand electron donor constang &f laccase and GO treated linen fibers
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Table 4.10 Acid-base constants, &qd K, of linen fibers

Substrate Lignin K, Ky R?

content (%)

Scoured control 4.4 0.2739  0.4863  0.9939
Laccase treated 2.3 0.2212 0.3936  0.9567
GO bleached 1.3 0.1435 0.4009 0.997
Laccase + GO bleached 1.2 0.1663 0.3828  0.9999
Chemically bleached 1.6 0.1896  0.3088  0.9999
Industrially bleached -- 0.1772  0.2994  0.9306

Glucose oxidase-produced hydrogen peroxide seemedndre effectively
decompose hydroxyl-group containing compounds, towethe overall acidity of the
surface. Some of these compounds might have besmparents without color and
different from pigments or lignin.

Laccase and alkaline hydrogen peroxide treatmentthe other hand, can lead to
the oxidization of lignin components into compoumndsh carbonyl groups instead of
hydroxyl groups, thus reducing surface basicityairmore pronounced manner. As
mentioned above, the structure of lignin is verynptex and contains phenolic and
aliphatic hydroxyl groups as well as ether-oxygenugs which also add to surface
basicity. In any case compounds that are more yedsiisolved in water have been
formed as the decreased lignin content after gditinents attests for.

Chemical bleaching using alkaline conditions anchie®rcial hydrogen peroxide

considerably lowered the surface basicity of theas. No major difference was found
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between samples bleached in the industry and sarbgached in the laboratory under
industrial conditions. Although whiter than all gnzatically treated samples, the lignin

content left in the fabric was slightly higher aftee chemical bleach.

45.4 Surface Characterization of enzyme-treated coarse linen fabric with high

lignin content

4.5.4.1 Disper sive component of the surface free energy

The values of ¢ at four different temperatures are listed in TahlE0. Plots ofyd

as a function of temperature for the substrateslaosvn in Figure 4.29. The dispersive
component of the surface free energy of all suterdecreased slightly with increase in
the temperature except industrially treated fabti?@®C. The decrease of: is due to

the entropic contribution to the surface free epergihere was no big difference among

y2 values of untreated and enzyme-treated fibers gibatest margin was 1.75 mJ.m

Table 4.11 Disperse components of surface freegasars® (mJ/ nf) of linen fibers at

different temperatures (R-1)

T (°C) untreated Laccase Lac. + GO  Chemical
40 48.12 49.23 47.48 48.01
50 44.16 45.37 45.09 44.42
60 41.76 42.16 42.19 42.21
70 39.62 40.48 40.19 44.44
Ave. 43.42 44.31 43.74 44.77
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The average value gfg (43.42 mJ/ M) for untreated fibers was very close to that of

enzymatically treated and chemically bleached liriEme values of/g of the enzyme

treated coarse linen fabric were higher that tledtbe unbleached control.

<~ —e— untreated

E 42 —alaccase

S

£ 40 \ —a—laccase + GO
>

38 —x—chemical

40 50 60 70

Temperature (°C)

Figure 4.29 Surface free energig$ of treated linen samples at different temperatures

4.5.4.2 Free energy of adsor ption, free enthalpy and entropy of adsor ption

Values of the free energy of adsorptionregponding to surface acid-base

interactions AG®, are summarized in Table 4.11. Compared with titecated control
the AG2® values of laccase treated fibers for acetone, ofdam, and THF were higher.
For the fiber treated with laccase and GO #@’° values for chloroform and THF
increased whileAG/® for acetone decrease. Chemical bleach caused r@adecin

AG/® for all three probes.

83



TheAH ® value is determined as the slope of the plonGE® /T versusl/T .
The corresponding values of the enthalpy of adsmipAH’®, and the entropy of
adsorptionAS®, are presented in Tables 4.12 and 4.13, respagctive
The values ofAH 2®for laccase and chemically bleached linen fibersewlewer than

those for untreated control for acid, base, andhatgsic probes. The values AB/*°
showed a similar trend. These results indicatel#itaiase and chemical treated fibers had

weaker acid and basic properties than the untreatetiol. The values ofH® and
AS/® of laccase and GO bleached fibers depicted areliffetrend. For acetone and

chloroform bothAH /° and AS/® values increased but for THF the two values desea

Thus all linen fibers investigated were amphoteric.

84



Table 4.12 Free energies of adsorpti@i*® (KJ/mol)

Substrate/probe AG™ (KJ/mol)
40°C 50°C 60°C 70°C
Untreated control
Acetone 7.81 7.75 7.98 7.71
Chloroform 3.33 3.19 3.10 2.80
THF 4.10 4.01 4.01 3.76
Laccase
Acetone 7.93 8.11 8.22 8.32
Chloroform 3.57 3.47 3.35 3.24
THF 4.49 4.43 4.30 4.29
Lac. + GO bleached
Acetone 7.22 7.26 7.07 6.67
Chloroform 3.60 3.52 3.48 3.21
THF 4.43 4.34 4.32 4.06
Chemically bleached
Acetone 6.61 6.60 6.68 6.82
Chloroform 3.05 2.95 2.84 2.66
THF 3.75 3.67 3.67 3.52
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Table 4.13 Free enthalpies of adsorpti¢ii® of linen fibers

Probe AH (KJ/mol)

untreated Laccase Lac.+ GO Chemical

Acetone 8.02 3.96 12.88 4.43
Chloroform 7.17 6.77 8.00 5.93
THF 8.55 7.05 7.33 7.00

Table 4.14 Free enthalpies of adsorpti®® of linen fibers

Probe -AS (KJ/mol)

Control Laccase Lac.+GO  Chemical
Acetone 0.62 -12.75 17.77 -6.85
Chloroform  9.76 7.29 11.3 6.93
THF 16.62 111 11.84 12.57

45.4.3 Acid-base characteristics of the linen surfaces

Ka and K, values for samples are presented in Table 4.14. Kthealue of the
laccase treated fibers was very close to that efuthtreated fiber, while theyKvalue
decreased. The decrease in aliphatic hydroxyl graum ethers might have led to the
lower surface basicity. In the case of the cherichleached fiber both Kand K,
decreased. The oxidation of linen fibers by hydrogeroxide in alkaline condition
resulted in a decrease in lignin content which douhve caused a lower amount of
surface phenolic and aliphatic hydroxyl groups. &d K, values of laccase and GO

bleached linen fibers both increased after treatmaanch is difficult to interpret. In this
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case the data strongly fluctuated (s€evBlue). It is possible that the surface groups
showed some instability under the applied test itimms. The correct coefficient @Rfor

acidity and basicity is also not very good.

Table 4.15 Acid-base constants, &qd K, of coarse fibers

Substrate Lignin K, Ky R?

content (%)

Control 7.8 0.1869  0.376 0.9987
Laccase 4.1 0.1943 0.2192 0.7826
Laccase + GO bleached 3.3 0.2398 0.4493 0.6994
Chemically bleached 4.6 0.1569 0.2478  0.8508
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CHAPTER 5. CONCLUSIONS

Hydrogen peroxide produced by the reactbmlucose oxidase and glucose was
successfully used for bleaching of scoured unbleadotton fabric to get the desired
whiteness. The active site of glucose oxidasesatmht-FAD as cofactor which plays a
key role in catalyzing the reactions. Compound$sag flavin mononucleotide (FMN),
riboflavin, and lumiflavin having structures simil@ FAD were used to mimic the active
site of glucose oxidase. The amino acids adjaceRAD were found being important in
producing hydrogen peroxide in the biomimickingteys. The combination of His and
Lys was very effective to mimic the environment=#D especially when the mole ratio
of His and Lys was 2:1, the reason being thatrttie of His and Lys mirrors the vicinity
of FAD in the intact glucose oxidase. Hydrogen p&te concentration produced by this
mimic system increased with the increase of amicidsadosage. The more effective
electron donor semicarbazide was used in photodaniiiomimicking process to
produce hydrogen peroxide. The influence of pH kgt sources with different energy
output was explored. The higher pH value favoredrbgen peroxide production. FMN
was the most effective mimic in whitening cottoria in combination with a halogen
lamp as light source. The whiteness achieved with mimics was about 60-70% of

which could be reached with glucose oxidase undemparable conditions.
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The combination of laccase, peroxidasesgiuncbse oxidase for bleaching of cotton
fabric was not very effective regarding fabric veiméss. However, the combination of
laccase and glucose oxidase for bleaching of liiaémic with low lignin content was
significantly more effective than either one of grezymes applied alone. The whiteness
increase of linen correlated to some degree wighdicrease in lignin content. With the

help of IGC it could be shown that there was no diiference among the dispersive
component of the surface free enenglof all substrates as a result of the enzyme

treatments. This indicates that the enzymatic rmeat only touch the small molecular
components and lignin on the surface of linen while major cellulose substrate was
unaffected. The enzymatic treatment also reducedatidity and basicity (Kand K,
respectively) of the fiber surfaces indicating aroype in the amount and possibly type of
lignin functional groups. The decrease of lignimismt and oxidation of phenolic and
aliphatic hydroxyl groups into carbonyl groups fe=di in the decrease ofkand K.
Since enzymes do not affect cellulose the studKgfand K, may lead to a better
understanding of the enzymatic treatment of linkers. The acid-base properties of
fiber surfaces also play an important role in a\wrocessing steps due to surface Lewis
acid-base interactions between solids (fiber) ang &pe of encountered liquids.
However, a direct correlation between whitenegsiti content and surface energies was
difficult to establish.

When the same conditions were applied éadit the coarse linen fabric with high
lignin content the combination of laccase and ghecoxidase was also significantly more
effective than either one of the enzymes appliethal Laccase, manganese and lignin

peroxidases alone did not improve the whitenegh@fcoarse linen fabric. However, if

89



used together with glucose oxidase the whitenedis@i fabric improved considerably.
Laccase showed a more pronounced whitening effest dther peroxidases. IGC was

also used to analyze the surface properties ottleexase and glucose oxidase treated

linen samples. The values gf of enzyme treated coarse linen fabric were highat

those of the unbleached linen fabric. Thevidlue of laccase treated fiber was very close
to that of control. However thepyKalue decreased. The, End K, values of laccase and

GO bleached fiber increased after the treatment.
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