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The aim of this research is to understand if colt'@an be synthesized
enzymatically, and if the formed products can bedua various applications. Several
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to transparent films.
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INTRODUCTION

Enzymes are proteins that catalyze specific reastimder mild nontoxic
conditions. They have been used in a wide randieldf, such as, biobleaching and
scouring agents for pulp, paper, and textile preiogs as detergents, as active
compounds in food processing, and in the produdaifdrofuels. Due to increased
concerns over environmental pollution, better Useewable resources, and an
increasing need for ecologically sound processesinterest in nontraditional
applications of enzymes has grown over the pastdsc One such novel application is
concerned with techniques involved in the in-vagmthesis of organic compounds (such
as polymers, oligomers, or colorants).

Utilizing enzymes to produce organic compoundsdraat advantages. The
reaction can occur under mild conditions, whictulssin an added benefit of energy
efficiency. In addition, enzymatic reactions aighly regio-, stereo-, and
enantiospecific, making the process more efficeart less wasteful.

The objective of this research is to find an enunentally sound process in the
synthesis of colored compounds and investigategimebapplications. While numerous
dyes are produced by the reaction of dye fragnténtsigh a synthetic route, the
coupling of dyes by green chemistry via enzymatsans has yet to be approached.

In this research work, colorants (dyes or pigmewexke synthesized by

introducing laccases to phenolic compounds in areags medium. Phenolic
1



compounds were chosen based on its similarityructire to that of dye fragments and
to parts of the lignin molecule, since laccaseskamvn to be involved in the synthesis

of lignin.



CHAPTER ONE

LITERATURE REVIEW

1.1 Coloration Process

Commercial dyeing of textile fibers can be appr@atchy either batch or
continuous methods. Generally, the most widelylusemmercial route is of the former
one, exhaust dyeing. Along with a particular @sx; the choice of dye is dependent
upon the color needed and the material chosen tlydx (e.g. cotton, linen, wool,
nylon). Other factors must also be taken into anotosuch as cost, quantity of material
to be dyed, logistics, etc. Pollution control, @dplly in regard to dye house effluents as
well as worker safety, are aspects more and mao#\stregulated, thus adding to the
cost of the coloration process.

Typically, to prepare for dyeing the fibrous madésiare scoured to remove any
hydrophobic impurities that could hinder the dyepngcess and then bleached in order to
remove any color already present. This is paridylimportant for natural fibers which
have a slight yellowish hue to them. A dye-batprespared by mixing dye in the form of
powder, granules, or in liquid form with water. sl any auxillaries (salts, surfactants,
pH- adjusting acids or bases, etc.) are addedatkatequired as dyeing aids to assist in

the proper absorption of the dye to the fibers (1).



During the dyeing process the bath is agitateddate efficient circulation and
assure maximum contact between fiber and dye.téihperature is slowly raised to the
optimum temperature, often near the boiling pofrwater, and kept there for a period of
time (0.5-2hr). After absorption of the dye, titeefs can be further treated with fixatives
to improve the fastness properties of the fibenalfy, extensive rinsing removes any

unfixed dye and all auxiliaries.

1.1.1 Dyeing

In order to add color to a material, the dye mdecaust first adsorb onto the
fiber then penetrate its accessible areas. Thisgss is quite complex. It can be
described by four stages: diffusion of dye throtlghaqueous dye-bath to the surface of
the fibers; adsorption of dye on the surface offiter; absorption/diffusion of dye into
the fiber from the surface toward the interior; dindlly the sorption of the dye at dye-
sites. The major driving force in the dyeing preg;ebesides the concentration gradient
of dye in bath versus dye in fiber, is ultimatélg {potential interaction between colorant
and fiber. In the case of cellulosic materialgdirdyes can only form weak interactions
with the fiber and are held inside by physical @ptnent. In some cases, a fixation after
treatment might be necessary. Reactive dyes,eanttter hand, form covalent bonds
with the hydroxyl functional groups of celluloseden alkaline conditions. Vat and
sulfur dyes are held inside the fiber as insolyignents and their fiber/dye interaction

is minimal.



1.2 Enzymes

All enzymes are proteins which catalyze chemicattiens, with the exception of
a few RNA enzymes. They assist in the conversi@ubstrates into products by
increasing the reaction rate. This is accomplidhethe enzymes’ active site, which is a
small pocket of the entire structure of the enzynmitially, the substrate loosely
binds/interacts with amino acids within the acts#e. This sets it up for a series of
reactions to occur; and during these processesctihve site allows the substrate to
resemble more closely that of the structure otithesition state. Through a sequence of
reactions, the substrate is finally converted thproduct.

Enzymes are categorized into six groups by thernatenal Union of Pure and
Applied Sciences (IUPAC): Oxidoreductases, Tramasies, Hydrolases, Ligases, Lyases,
and Isomerases. These classifications are basedthe reactions which they catalyze
(e.g., transferases move chemical groups from arvleaule to another). Within these
groupings, they are further divided into subclasaed categories. This is to better
identify the specific reactions in which they prd&iassistance. An enzyme is given an
Enzyme Commission number (EC.#.#.#.#), which denibsespecific function. Each
subsequent number indicates a subset within a gwitipthe final number making it

distinct from others.

1.2.1 Oxidoreductases

Oxidoreductases are a group of enzymes which camdigtation reduction
reactions by the transfer of electrons or hydratesifrom one molecule to another. They

have been designated an EC number of one. Tlaatioa can be described as follows:



A +B>A+B
Some oxidoreductases have metals within their adiite. Metals which are tightly
bound to the enzyme are referred to as a prostyetig, without which the enzyme

would be functionless.

1.2.1.1 Laccase

Laccases, 1,4-benzenediol oxidase (EC 1.10.3&2)naitti-copper containing
enzyme which have broad substrate specificity; tregyy out one-electron oxidations of
phenolic and related compounds, and reduce molecxj@en to water, according to the
schematic in Figure 1.1.

OH

5 Iaccase non- enzymatlc
1/2 o

OH

Figure 1.1: General schematic of a laccase raactio

Laccases generally contain a type 1, type 2, goel 3ycopper center per subunit.
They are found in higher plants and microorganiant are capable of oxidizing various
aromatic compounds using molecular oxygen as areaitralectron acceptor. The
incorporation of copper atoms in the protein suitet allows the proteins to perform
electron transfer reactions, because copper atograbée to switch their oxidation states

between Cland CU (2).



In the presence of phenolic groups, laccases c¢aaténoxidative coupling of
phenolic molecules, such as dye fragments via tewdren transfer reactions. These
one-electron transfers produce radicals which cpoksibly further react with other
radicals present, and hence, possible couplingpcenr.

Fungal laccases often occur as isozymes, whichrdifftheir quaternary
structure. A carbohydrate moiety is commonly foasdart of its structure, which is
known to play an important role in its stabilitizor the catalytic activity, a minimum of
four copper atoms per active protein unit is needegpe 1: (one Cu atom), Type 2: (one

Cu atom), and Type 3 (two Cu atoms), see Figure 1.2



N His
491
I, \/N
| 105 N Cu N Z'g'
\ Type 2 \/

Figure 1.2: Copper centers of laccase (CotA) fEarsubtilis (3).

Type 1 copper has a trigonal coordination, with tiatidines and one cysteine.

The fourth amino acid position is found to be vdr@enong species. Phenylalanine is

usually the ligand for fungal laccases (3). Thasipon is believed to strongly influence

the oxidation potential of laccases. A mutatiamnirphenylalanine to methionine
8



significantly lowered the oxidation potential ofumgal laccase frorirametes villosa
(4).

Type | copper gives the blue color to the multi{gepproteins, due to the
absorption of the copper—cysteine bond at 600 ygpe 1 copper has a high redox
potential, and thus, substrate oxidation takesepédchis site.

Type 2 copper is tactically positioned close totifpe 3 copper to form a cluster,
which is referred to as the trinuclear center; thidue to the contribution of one copper
from type 2 and two copper atoms from type 3s Htithis site where molecular oxygen
is reduced and water is released. Type 2 coppmrurd by two histidines and is in near
proximity of two type 3 copper atoms, which arersunded by a total of six histidines.
The strong anti-ferromagnetical coupling betweenttto type 3 copper atoms is
maintained by a hydroxyl bridge (Figure 1.2) (ype 2 and type 3 copper have a
tetrahedral geometry.

The different copper centers of laccases directras from the reducing
substrate to molecular oxygen without releasingctperoxide intermediates. This is
achieved by four single electronic oxidations & fubstrate at the mononuclear site.
The electrons are then transported to the trinuclester, where molecular oxygen is
reduced to water.

The oxidation of substrates creates reactive r&lidaxidation of phenolic
compounds and anilines by laccases produce raditath can react with each other to
form dimers, oligomers or polymers covalently caapby C-C, C-0O, and C—N bonds.
Also, these radicals can further undergo non-entigmeactions, resulting in cross-

linking.



1.3 Enzymatic Polymerization

Organic synthesis of polymers or oligmers (which passibly form colorants)

via enzymatic means has several advantages. yi-tfstl reaction can occur under mild

conditions, such as moderate temperature and p¢tadthis, the overall process
becomes more energy efficient. Table 1.1 shosugmamary of enzymatic

polymerizations and their products, according toyeme class.

Table 1.1: Polymer products according to enzyraescl

Oxidoreductases polyphenols, polyanilines, vinyypeers
Transferases polysaccharides, cyclic oligdsatdes, polyesters
Hydrolases polysaccharides, polyesters, pobanates,

poly(amino acids)

1.3.1 Polymerization via Laccase

Laccases from various species have been used taiting phenolic compounds

to yield polymers with high molecular weight (5)he polymerization behavior is

dependent on the origin of the enzyme, reactiomitimms, and nature of substrate. Few

reports are found in the literature regarding theyenatic synthesis of colored products

(or polymers).

Laccase derived fromycnoporus coccineusas used to synthesize polymers

with phenol, m-cresol, bisphenol-A (6). The reactwas carried out in equal amounts of

10



methanol and acetate buffer. It was found thah&dion of polyphenols occurred,
resulting in equal units of phenylene and oxypheng| which was comfirmed by IR
spectral analysis; the ratio of these units coel@¢dntrolled by the amount of organic
solvent used.

Polymers of various molecular weights were syntteasusing laccase derived
from Trametes hirsuté7). The initial starting materials used wereigaal and erol, in
the presence of ABTS (2,2 -azino-bis(3-ethylberazbline-6-sulphonic acid)) as a
mediator. It was found that higher molecular weggblymers were obtained with ABTS
than without. The results indicate that the medifunctioned both as an electron carrier
and as a coupling product.

Polymers were formed using 8-hydroxyquinoline ia ffiesence of laccase from
Trametes pubescef®). The reaction was carried out in an aqueogaroc solution.
Structural characterization of the polymer was daad~T-IR, and antioxidant properties
were investigated.

It was found that by using 1-naphthol and cateahtthe presence of laccase from
Trametes versicoloyielded a polymerized product (9 & 10). The reactivas carried
out in an 10% acetone/acetate buffer under mildlitmms and initial reaction rates were

investigated.

1.4 Characterization of Enzymatically Formed Polymes

Polymerization of catechol in a batch system hanlaehieved by the use of

laccase to yield polycatechol. The reaction o@lirn an acetone/50 mM acetate buffer

11



(10:90) solution at pH 5. Comparisons betweenatetieand polycatechol products
obtained by laccase polymerization were done bgrn&ysis (10).

Laccase frontJstilago maydigpolymerized kaempferol and quercetin has also
been achieved. The ratios of monomer and polymers assessed by measurement of
antioxidant activity (11). It was observed thatqucts obtained by addition of the
laccase with the monomer increased the antioxidetntity, thus, indicating an increase
in molecular weight of the flavanoid. IR spectrare/taken of the initial compound
versus the polymer product; spectral data indicditfdrences between the two, again
suggesting an increase in molecular weight. Greatdecular weights were reached
with kaempferol than with quercetin.

Polymerization of 8-hydroxyquinoline to poly (8-hgayquinoline) via laccase
from Trametes pubescel®) generating a polymeric product with a numbarage
molecular weight of 789 m/z. The reaction occuired sodium acetate/acetone buffer
solution under mild reaction conditions. The malac weight of the final product was
obtained by the use of MALDI-TOF. Formation of @, trimers, oligomers, and
polymers were detected. The IR spectra of theymoiddicated a vibration from an OH
group, thus, it was concluded that the polymer adda formed by either C-C or C-O-C
bonds. The antioxidant activity of both the monomued polymer were measured by
guenching with DPPH (2,2"-diphenyl-1-pycrylhydragzyl was found that the product
formed by 8-hydroxyquinoline was a much better@atiant than the monomer, with a
53% difference in quenching activity between the molecules. Antioxidant activity

has been correlated with an increase in molecutggiw andreconjugated systems (8).

12



All the results combined indicate that a polymesv@med by the oxidation of 8-

hydroxyquinoline via laccase.

1.5 Lignin

Plants are composed of three major componentsulass, hemicellulose, and
lignin. Lignin fills in the void between cellulosad hemicellulose. By doing so, it
provides great mechanical strength to the plantadiogvs the plant to conduct water

efficiently.

Lignin is a complex network polymer, which consigtphenylpropane units
connected together in various ways. The chemmalposition of lignin differs

depending on its source and has not yet beendlllyidated.

OH OH OH
CHg HsC CHy
O/ \O O/
OH OH OH
p-coumaryl alcohol coniferyl alcohol syrimgécohol

Figure 1.3: Monomers involved in lignin synthesis.
Lignin, a hydrophobic polymer, is synthesized by #mzymatic dehydrogenation

of the monomers shown in Figure 1.3. The firsp tkthis reaction results in a phenoxy
13



radical; the radicals formed further react to a ptax polymeric structure with various
types of crosslinks and substituent groups. lufed.4 the proposed structure of lignin

from softwood (12) is shown.

14



HZC CH, CH,0

OH 2c: CH,OH cH:H
OCH, HOHZC
CHZO CHO
OCH
CHs HCO : |
H,CO
H

CHOH

C Carbohydrate

CHZOJ—
o=34| CR0M co HOH,C— c—o c
o) 3
g g
CHZOH

HC—O CH2

CHOH

OCH,
CHO
o) GH;
CH,
HOHZC’I
ClH OCHj
HC——O

CH,OH CHOH

OCH,
OH

Figure 1.4: Proposed structure of lignin from safba (12).

15



From Figures 1.3 and 1.4, it can be seen, tha¢ thier many possible combinations of
various monomers. The types and proportions deparitle source, such as hardwood

versus softwood, and between species within a categ

To isolate lignin from wood, the pulping industryas two major chemical
pulping reactions, alkaline pulping and sulfitegong (13). The black liquor which is
formed, as a result of the alkaline process, isipiated with acid to yield kraft lignin.
Kraft lignin is soluble in alkaline water and isdrgphobic below this condition. Under

sulfite pulping, lignin is sulfonated to yield a t#asoluble compound.

Due to the possible variability of the compositafrignin, lignin model
compounds were chosen for research (14). Exaroplemin model compounds are
depicted in Figure 1.5. These compounds have bgethto explore both enzymatic
polymerization (9, 10) as well as enzyme deligaifion (15) reactions. For this research
work, specific phenols were selected based upam tnaitding blocks of colored
compounds as well as are related to lignin chegnigBuaiacol has been known to form a

colored solution in the presence of lignin peroselél6).
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Figure 1.5: A few examples of lignin model compdsn 1. guaiacol 2. erol 3. adlerol
4. veratrol 5. syringaldehyde.
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CHAPTER TWO

MATERIALS AND METHODS

2.1 Materials

A light-weight 100% scoured unbleached linen fabnith low lignin content of
4.4% (17), was contributed by Hefei Yayuan Dyeingi&ishing Company, China. The
yarn count was 52/53 (warp/filling). The fabriciglet per unit area was 131.46d¢/m

Laccase 51002 and 51003 were supplied by Novozyamaeklinton, NC.
Laccase 51002 has an optimum pH at 5.0, which w@asded with sodium acetate
buffer; the optimum pH of laccase 51003 is 6.0 bich sodium phosphate buffer was
used. All lignin model compounds (guaiacol, reawt; vanillic acid, vanillin, vanillyl
alcohol, isovanillyl alcohol, catechol) were purskd from Sigma-Aldrich Chemical
Company. Sodium acetate, glacial acetic acid, HBiade ethyl acetate, HPLC grade
ethanol, monobasic sodium phosphate, dibasic soghosphate, tribasic sodium
phosphate, carboxymethyl cellulose, polyvinyl algipland silica beads were purchased

from Fisher Chemical Company.
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2.2 Methods

2.2.1 Preparation of the Laccase Catalyst

Laccase sample, in a 15 mL conical tube, was thad@@l L pipetted out of the conical
tube and placed in a new conical. Next, 4.6 mtebnized water was added to the tube
and mixed. The solution was kept at 4 °C whenmase; any enzyme sample remaining

after a week was not used for experiments.

2.2.2 Polymer Synthesis

50 mg of phenolic compound was placed in 25 mL.85M sodium acetate
buffer, pH 5.0 (or 0.1 M phosphate buffer, pH 6.0he solution was incubated to
approximately to 50 °C; next, 25 uL of diluted lase was added to the solution. The
reaction was allowed to proceed until the desime tength. The water was evaporated
at 100 °C. The solid sample was then transfeoeddean bottle and saved for further

analysis or purification.

2.2.3 Coloration of Linen Fabric

Linen fabric was cut into squares to give an appnaxe weight of 1.0 g. Next,
each piece was weighed and placed in a clean oentaith 100 mL of buffer solution
(0.05 M sodium acetate, pH 5.0 or 0.1M phosphatiehypH 6.0). A lignin model
compound (e.g. resorcinol) was selected and weitghebtain the desired percentage to
the weight of fabric (owf), and added into the l®ottThe bottle was incubated in a
shaker oven at 50 °C and 125 rpm. Next, 0.1% (tagfiase was added to the contents
of the bottle and allowed to incubate for the daitime length. Once the reaction was
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complete, the linen fabric was thoroughly washeith wiater and placed in a beaker with
boiling deionized water for 10 min to deactivate #nzyme. The fabric was again rinsed
with water, and then placed in the oven to dry pight; the temperature was set to

60 °C. Once dried, the fabric was conditionedla?@ and 65% relative humidity for at
least 24 hrs. The color coordinates of the trefibdc were measured with a CS-5

Chroma Sensor colorimeter.

2.2.4 Coloration of Polymer Films

A 10% (final volume) colorant solution was added 8%% polyvinyl alcohol
(PVA) and 7.5% carboxymethyl cellulose (CMC) sabas to form films; the process
required near boiling conditions, for complete digton of PVA and CMC. Once the
reaction was complete, a few milliliters of solutiowere cast across a glass plate (10.4
cm x 12.8 cm) with a metal bar to spread the smhugivenly across the plate. The plates
were then allowed to dry overnight at room tempegat Once dried, the color

coordinates of the films were measured with theSG3iroma Sensor.

2.2.5 Purification using Gravitational Column Chromatography

Glass wool was placed at one end of the glass ¢o([@@&cm x 2 cm). Silica
beads were then placed in a beaker with the mpb#ése (ethyl acetate/ethanol/water);
the mixture was slowly added to the column, ang¢apwith a vibrator to ensure tight
packing. Once the column was prepared, the sahtpte was diluted with the elutant
and placed at the top of the column. Mobile phveags added to the top, and the spigot
was opened to allow the elutant to flow at a prterste. Fractions were collected and

dried in an oven at a temperature between 60 €70 °
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For the product obtained from incubation of laccase resorcinol, it was found
that a 33/33/33 mobile phase provided a separafibmo phases (visible by two distinct
yellow shades). However, there was a slight opdoetween the two fractions. The
testing of mobile phases was performed using TLC.

For the product obtained from incubation of laccaise guaiacol, various
combinations of ethyl acetate/ethanol/water didsuftice. Thus, another approach was
taken using the gravitational column method. Biytbegan with a non-polar solvent and
slowly progressed to a more polar solvent (hexarethylene chloride, ethyl acetate,
acetone, ethanol, water). Some separation withayveccurred; however, results were

not satisfactory.

2.2.6 Purification via Filtration

A vacuum filter flask was set up. Solid productvpaced on top of the filter
paper. The sample was then washed with 100 mleiohized water, followed by
rinsing with acetone. Once washed, the filter payses placed in a 100 °C oven. After
drying, the solid particles were scraped of catgfand placed in a clean glass bottle.

This method was used for product obtained fromapaiand catechol.

2.2.7 Purification via Separatory Funnel

Solid product obtained via enzymatic synthesis eiaged with 100 mL of water.
Next, 100 mL of ethyl acetate was added to thetmwmand mixed very well. The
solution was allowed to sit so that separatiorheffihases can occur. The ethyl acetate

fraction was collected and the above series ofkstepeated three times. All organic
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fractions were combined and the solvent evaporaiteat a temperature between 60 to

70 °C. The solid was then used for characteringiiorposes.

2.2.8 Thin Layer Chromatography (TLC)

A 100 mL beaker was used as the developing comttandLC. The beaker was
lined with filter paper and solvent added to a tegft0.5 cm. Aluminum foil was used
as alid. The TLC plate was cut into 2.5 cm x 5 oiline was carefully drawn with a
pencil approximately 0.8 cm from both ends of tteg Using a pipette, 2 uL of sample
was slowly spotted onto the bottom line until atatff 10 pL of sample was deposited.
The TLC plate was placed in an oven set at 10@PQ@ tmin to remove any water which
could have adhered to the silica gel and to drytleisample. The plate was cooled and
carefully placed into the developing chamber. Trwement of the sample was
monitored and stopped when the solvent reachetbfhine mark. Various

combinations of ethyl acetate/ethanol/water mixdwere chosen for testing.

2.2.9 Ultraviolet — Visible Spectroscopy (UV/VIS)

For the UV/Vis measurements, a Thermo Spectroniee®gs-6 instrument was
used. Liquid samples to be analyzed, were platadplastic cuvette, and absorbance
measurements were read between 380 — 800 nm; gsadare taken every 10 nm.
Samples were diluted with buffer as necessary.

A time point assay for measurement of laccase ictvas performed on various
phenolic compounds using the UV-Vis spectrophotemef 2 mg/mL precursor
solution in buffer was prepared in 500 mL totalurak. A 25 mL aliquot of this solution

was placed into 50 mL conical tubes. The tubegewhaken at 125 rpm and 50 °C , and
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25 pL of laccase was then added to each tube. tiBeacas allowed to proceed until the
desired time length (points between 1-30 min) amehghed with 300 pL of 5 M sodium
hydroxide, so as to ensure deactivation of the mezyAn aliquot of this liquid sample
was taken and diluted with acetate buffer to obéamirabsorbance reading between values
of 0-1. The solution was diluted with the buffemhaintain the original pH, due to
observed color change as alkalinity increased.hEate point was determined in

triplicates, and a total of five time points wetesen for each precursor.

2.2.10 Infrared Spectroscopy (IR)

IR measurements were performed on the Thermo $aieMicolet 6700 FT-IR
instrument. Samples to be characterized werallyittleaned using either the separatory
funnel or the filtration purification method. Led®wn 1 mg of enzymatically formed
colorant was placed on the ATR crystal surfaceraad using the FT-IR. The following
settings were used: 50 scans, resolution of 4.0afsmittance. Readings were taken in

the mid-infrared range (4000 — 400 &n

2.2.11 Nuclear Magnetic Resonance (NMR)

For NMR analysis, laccase synthesized purified peoevas dissolved in
deutrated methanol or dimethyl sulfoxide (DMSOpanfples were analyzed using a
Bruker Advance NMR Spectrometer operating at 400 (proton) or 100.64 MHz
(carbon). Residual proton signals of DMS@add CROD were 2.50 and 3.31

respectively.’3C chemical shift of standards are, 39.5 (DMS§pathd 49.2 (CBOD).
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2.2.12 Gas Chromatography — Mass Spectroscopy (GCH)

A Griffin 300 GC-MS was used for analysis of pwedicolored products and to
run standard curves of the starting materials. fbHewing concentrations were used for
the standards: 0, 0.5, 2, and 4 mg/mL. From statdard or sample 2 yuL were injected
into the port and carried through the column byumelgas. The start temperature was
set at 45 °C, heating at 20 °C/min until the terapee reached to 300 °C; this was held
for 5 min. The mass spec analysis was observedbatO — 400 M/z. Area of the
peaks, from the chromatogram, was calculated ubagpols provided by the Griffin
300 GC-MS software. All purified products weresditved in ethyl acetate. Triplicate

measurements were performed for each sample.

2.2.13 Differential Scanning Calorimetry (DSC)

The thermal analysis of enzymatically formed prdadweas performed on a DSC
Q2000 from TA Instruments. Purified samples, agpnately 5 — 10 mg, were weighed
in DSC pans and tightly sealed. The change in fh@at(\W/g) was monitored between
25 -270°C. The heat flow was increased by 10RC/both in heating and cooling

mode.

2.2.14 Electro Kinetic Analysis (EKA)

The streaming potential measurements of the enzgatigittreated linen fabric
were carried out using a SUrPASS Electrokineticlyaex (Anton Paar Instruments).
Measurements were done using the cylindrical veth approximately 300 mg of cut
pieces of fabric. The sample was pre-soaked iMlpotassium chloride for

approximately 5 min, packed into the cell, anddlextrodes were attached. Next, the
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samples went through a rinsing procedure at a press 400 mbar for 20 s, afterward,
the cell was fully tightened. The flow check whsrt performed to ensure that a
maximum pressure of 400 mbar was maintained, wénsures that the flow in the
forward and reverse direction remains approximatetysame. The pH was manually
adjusted to 9.5 using 0.1M NaOH. Then 0.1 M HC$wedded via the automatic titrator,
so that the pH decreased stepwise by approxim@t®lgH units. The zeta potential

readings were taken until the pH reached to apprately 3.0.

2.2.15 Colorimeter

The CS-5 Chroma Sensor was used to take color megasnts of enzymatically
treated linen samples; CIE L*a*b* values were relear for each sample and
comparisons were made against the control. L*asgmts the lightness of a sample; a*
signifies the value on the red-green coordinatesdrtesponds to the yellow-blue
coordinate. Three random spots on the fabric wead,rand the results averaged. Each

condition was done in duplicate, resulting in aerage from six points.

2.2.16 Washfastness to Laundering

Colored laccase treated linen fabrics were tesieddlorfastness to laundering.
Wash fastness tests were done using the Laundreoiffdtas Instruments), with the

AATCC test method 61-2001-Test 1A.
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CHAPTER THREE

RESULTS AND DISCUSSION

3.1 Synthesis and Characterization
3.1.1 Synthesis of Colorant in Solution

Laccases are known to play a major role in ligiamistry. Various substituted
phenols have been proposed in literature as maaebounds for lignin synthesis (13).
Some of these components were selected for thesurels for colorant synthesis since
they also represent fragments of common dyes adepits. Figure 3.1 shows the
structure of guaiacol, resorcinol, vanillic acidigdroxy-3-methoxy benzoic acid),

vanillyl alcohol, isovanillyl alcohol, and vanillin
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Figure 3.1: Common lignin model compounds: 1l.Naracid, 2. resorcinol, 3.
guaiacol, 4. vanillyl alcohol, 5. isovanillyl alcoh 6. vanillin.

It was possible to form colored aqueous solutioits @ach of these phenols in
the presence of a laccase under mild conditionsoiRRaol developed a clear bright
orange color that did not seem to contain watestuide particles, while both guaiacol
and vanillic acid resulted in opaque solutions arkepurple and brownish-orange,

respectively, with insoluble particular matter ($égure 3.2).
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Figure 3.2: Colored product obtained from vanidld (1), resorcinol (2), and guaiacol
(3) inthe presence of laccase.

Time point essays were performed for the enzymatiction with each phenolic
compound and the color developing from the iniialblorless solutions recorded.
Figures 3.3 and 3.4 clearly demonstrate the tinpedéent appearance of an intensifying
color with reaction time. A maximum absorbancekpegresents the hue of the sample.
The peak did not shift significantly with the ducat of the enzymatic reaction which
means that the basic color shade did not changetiove. The color only intensified;

thus, more colorant could be produced.

28



7.00
=1 min

¢ 5 min

6.00 - A 10 min

x 20 min

© 30 min
5.00 -

4.00 A

Fianl absorbance

3.00 A

2.00 A

1.00 4

0.00
350

Wavelength (nm)

Figure 3.3: Absorbance spectrum of product forifinech guaiacol at pH 6, using laccase
510083.

Colored guaiacol product (reddish/purple in hugggia bell shaped curve with a
maximum at 480 nm (Figure 3.3), whereas, resorg@nadluct (orange/yellow in hue)
resulted in a broad pointy peak, with a maximu2 nm (Figure 3.4). Comparisons
between Figures 3.2, 3.3 and 3.4 indicate tha¢diffces in spectra relate to differences

in color, which in turn, are due to the differemcestructure.
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Figure 3.4: Absorbance spectrum of product forfinech resorcinol at pH 6, using
laccase 51003.

It can be hypothesized that the enzymatically fahmeducts could be of
anthocyanine, polymethine, or carotenoid struct@eaiacol could also form a tetramer,

which is known to have a maximum absorbance atrd7({16).

3.1.2 Characterization
3.1.2.1 Ultraviolet — Visible Spectroscopy

Substrate affinity of substituted phenols for lamaas monitored by following
the changes in maximum absorbance over time (Figus)e A graph demonstrating the
increase in product is presented in Figure 3.9é@iacol. If the maximum absorbance

(AUxmax) is graphically correlated with the reaction tirttee slope of the resulting
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straight line can be used to estimate the coldamation rate in Ajna/min. Rates
were not reported as change in concentration peuntei

Although the formed colorants were cleaned of saitsenzyme, it is likely they
still consist of a mixture of components; thustandard curve could not be obtained, and
therefore, rates of product formation were repoae@d U max'min. Nonetheless, it is
possible to relate absorbance to concentrationgsbsorbance is directly proportional to
it, according to Beer — Lambert law (&sc; where A equals absorbance, b the path
length, c the concentration, aadnolar absorbtivity). Hence, an increase in maximu
absorbance corresponds to an increased amountneédigproduct.

Enzymatic reactions were initially performed witbth types of laccases (51002
at pH 5.0 and 51003 at pH 6.0) and results forremiioproduction with either enzyme are
listed in Table 3.1. Overall, it was found thattbenzymes worked equally well, and
that the differences in product formation rate mperties were minor. Thus, for most

subsequent experiments laccase 51002 was arlyitchoksen as the catalyst.
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Figure 3.5: Increase in guaiacol product quamignitored at maximum absorbance
with laccase 51003.
It was found that both laccase 51002 and 51003ddrproducts at a faster rate
for guaiacol with AUgy/min rates of 0.065 and 0.102 (Table 3.1). It sedmat, as more

substituents are added onto the benzene ringnbera of product decreases.
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Table 3.1: Rate of colorant formation for subsétuphenols by measurement of increase
in maximum absorbance per minute with two typelmotases.

Laccase 51002 Laccase 51003
Phenol

AU}\maxlmln R2 AU}\maxlmln R2
Guaiacol 0.0654 0.9956 0.102 0.996
Resorcinol 0.0217 0.9998 0.0138 0.975
Vanillic acid 0.0139 0.9526 0.0085 0.9883
Vanillyl alcohol 0.0105 0.9775 0.0077 0.9956
Isovanillyl alcohol 0.004 0.988 0.0009 0.971

Guaiacol and resorcinol clearly formed the higlasobunt of product in the
shortest time. Therefore compounds obtained fiwesd phenols were studied more in

depth than from the other phenols.

3.1.2.2 Differential Scanning Calorimetry

In a solid, molecules are held closely togethestogng intermolecular attractive
forces. As temperature is raised, disorder withenstructure increases; vibrations within
the structure gradually rise until they overcome dkiractive forces holding the solid
together. The solid shows melting at a specificgerature, referred to as thg. T

In order for the T, of a compound to increase, the contribution cérimtolecular
forces and/or a restriction of vibrational, rota@d or transational motions of the overall
structure must occur. Therefore, it could be gmesthat an increase in,of a product
could indicate the formation of a higher molecwaight structure, a more crystalline

structure, or a combination of both.
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With the help of the DSC, measurements of tempezatlated changes in
physical state, such as melting,J1or freezing point, as well as non-thermodynantycal
defined transitions, such as glass transition bogsadetermined by rising the temperature
of a sample and a standard at the same heatinidgpidie difference in energy needed
by the sample for these transitions will be refelcin peaks in the DSC diagram while
the standard maintains a straight increase in testyre. If by modification a compound
increased in molecular stiffness, crystallinitynoolecular weight, sample transitions will
appear at higher temperatures as compared to eotont

DSC measurements were performed for guaiacol, cesbrand their

enzymatically formed products. The results aregmesl in Figures 3.6 and 3.7.

Guaiacol Product
———— Guaiacol

Heat Flow (W/g)

113.27C

s S S . I S S S
20 40 60 80 100 120 140 160 180 200

Exo Up Temperature (tc) Universal V3.9A TA Instruments

Figure 3.6: DSC of guaiacol and guaiacol colofarhed by laccase.
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The T, of guaiacol was observed to be 113.2 °C, whickegwith the literature
value. As Figure 3.6 indicates, guaiacol produdtabt exhibit a |, between 20 - 270°C;
this could be due to an increase in the meltingtp@mperature above the measured
temperature range or a decomposition of the compatielevated temperatures. A
higher T,, would indicate an increase in molecular weightwdver, from a preliminary
experiment of simply heating the sample above 4088@1e color loss was observed.
When both profiles are compared, the enzymaticlhthesized product of guaiacol

seemed to be somewhat more thermally stable.

15 -
Resorcinol
———— Resorcinol Product

104

Heat Flow (W/g)

176.53C

112.76

L s S L o e e S S A S A S
20 40 60 80 100 120 140 160 180 200

Exo Up Temperature (‘C) Universal V3.9A TA Instruments

Figure 3.7: DSC of resorcinol and resorcinol caldrformed by laccase.
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The T, of resorcinol was measured to be 112.8°C, alsgri@esnent with the
literature. The colored product obtained from &sEcsynthesis using resorcinol, showed

a Ty value of 176.3°C, indicating an increase in mdicweight.

3.1.2.3 Infrared Spectroscopy

To evaluate the structural properties of subs@atéproduct, FT-IR spectra were
taken of resorcinol, resorcinol product, guaiacad guaiacol product, presented in
Figures 3.8 and 3.9.

In the upper spectrum in Figure 3.8 (resorcindig, strong peak around 3175tm
belongs to the O—H stretching vibrations of reswti O—H in and out of plane bending
vibrations can be seen by absorption peaks at é8i*5and 679 cii, respectively. The
absorption peaks between 1487 tamd 1606 cril can be attributed to aromatic©
stretching vibrations, and four bands found betw#gscn and 900 cnf are due to
arene C—H bending vibrations. The C — O stretckiibgations of resorcinol can be
found at 960 ci and 1144 cm(10, 18, 19, & 20). In the lower spectrum in Fig®:8,
which corresponds to the resorcinol product, ttimbtening of the absorption peak at
3207 cnmt* could be assigned to polymeric O—H stretchingfesgies. Broadening of

absorption bands was observed between 40btord600 crit.
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Figure 3.8: FT-IR spectra of resorcinol (upper) aegbrcinol product (lower).

In Figure 3.9 (upper spectrum), the strong peakirmd®506 cnt belongs to the
O-H stretching vibrations of guaiacol. The two tiaround 2949 cthand 2841 cif
are due to —Ckland aromatic —OC#tretching vibrations, respectively. O-H in-plane
bending vibrations can be seen by the absorptiak pe1360 cil. The absorption
peaks at 1498 cthand 1596 ci can be attributed to aromatic-@ stretching
vibrations. Bands found between 739 tand 916 crii could be due to arene C—H
bending vibrations. The C-O stretching vibratiohguaiacol can be found between
1038 cm and 1171 cm. Peaks at 1256 ¢l 1205 cn, and 1020 ci can be attributed
to aromatic and vinyl ethers (18, 19, & 20). le thottom spectrum of Figure 3.9, which
corresponds to guaiacol product, the broadenirtgefibsorption peak at 3418 ¢m

could arise from polymeric O — H stretching freqeies. The loss of the prominent band
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at 739 crit could be the effect of increased rigidity withiretstructure. If a network

were to form, aromatic C—H would find it more diffit to bend.

100‘.WM

- /
60%

40;

20«5

0.
100 | Guaiacol Product_Filter Funnel_pH 5 042307

%T ransmittance

. NN

40-

%T ransmittance

20-

0: B 1 B B B B 1 B B B B 1 B B B B ' B B B 1 B B B 1 B
3000 2000 1500 1000 800 600
Wavenumbers (cm-1)

Figure 3.9: FT-IR spectra of guaiacol (upper) gadiacol product (lower).

An overall broadening of absorption bands is obsgtetween 400 chto 1600
cm?, as well as broadening of the phenolic O—H strefmhresorcinol and guaiacol
products; this weakening of intensity could origencom higher symmetry within the
structure and intermolecular hydrogen bonding,eeBpely. It is possible that the
overlapping of band frequencies is a result ofremngase in the number of neighboring
atoms, due to the formation of either an oligomeripolymeric structure. This could
affect the vibrational modes of near-by groupsuhtésy in a broadening of absorption

intensities.
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3.1.2.4 Nuclear Magnetic Resonance Spectroscopy

NMR spectroscopy experiments were performed oifipdmresorcinol and
guaiacol products. Peaks were observed betweenicdleshifts of 3.4 — 3.9 ppm, 6.5 —
7.5 ppm, and 8.4 — 9.4 ppm in the proton NMR sp@ctof guaiacol colorant (Figure
3.10) which had not appeared in the NMR spectruth@ftarting compounds. Peaks
between 3.4 — 3.9 ppm indicate the presence ofrediin alcohol or ether proton (21).
The peaks occurred as a set of multiple signals vatying intensity and broad
overlapping (signals were not separate and weihddj. This broadening could be due
to different types of alcohols or ether protonsdueing signals around the same
frequency. Peaks between 6.4 — 9.4 ppm indicatpriisence of aryl and phenolic
protons. The more downfield signals could alseheeresult of aldehyde or carboxylic
protons. Each cluster of peaks denotes that diiteypes of hydrogen are present; thus,

it can be speculated that the structure of the éareompound is fairly complex.
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Figure 3.10: Proton NMR of guaiacol product, cheahshift between 1.0 — 4.2 ppm.
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Figure 3.11: Proton NMR of guaiacol product, cheahshift between 5.5 — 10 ppm.

It was difficult to interpret the proton NMR sigeand clearly assign them to a
specific product as they were rather weak in comparto the reference peaks. It
seemed that a relatively small amount within thregda was actually responsible for the
color. A carbon spectrum of guaiacol colorant wis® obtained; other than signals from
guaiacol carbons, only a few new peaks could be gery close to background noise.
Carbon NMR spectra did therefore not appear todbeable enough to further pursue.

Both proton and carbon NMR of resorcinol produetevtaken; comparable
results were obtained for the resorcinol colorantliscussed for the guaiacol colorant

(multiple peaks with overlap).
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3.1.2.5 Gas Chromatography/Mass Spectroscopy

Samples of guaiacol product, resorcinol produat, standards were run on the
GC/MS. Using the internal software, the area unldepeaks was calculated and a plot
generated for the standard curve of concentratosus area; a standard curve for
guaiacol is shown in Figure 3.12. Regression amlipdicated that less than 0.5 mg/mL
of substrate remained for both guaiacol and resolcilnitial reactions were set up with
2.0mg/mL of substrate. Considering that some efpthenol could be lost during the
purification process, one can approximate that betws0 - 75% of the substrate has
been used by laccase in the synthesis of the ebtmepounds. This yield could

possibly be increased by the addition of more Ise@ver the course of the reaction.

7.00E+08

6.00E+08

5.00E+08 -

4.00E+08 - -

Area

3.00E+08 -

2.00E+08 -
y = 2E+08x + 5E+07

R? = 0.9549

1.00E+08 -

0.00E+00

0 0.5 1 15 2 25 3 35 4 4.5
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Figure 3.12: Guaiacol Standard Curve on GC-MScentration versus area of peak.
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3.2 Application of Colorant

Although it is significant that colorants can bathesized via green processes, it
is both necessary and important that applicationghiese colorants can be found.
Hence, coloration experiments were conducted anlfabric, as well as for films from
poly(vinyl alcohol) PVA and carboxymethyl cellulo§8MC). For this purpose colorant
was incorporated into polymer solutions before fibrming.

Guaiacol, resorcinol, and vanillic acid were usezktextensively for the
coloration experiments. Based on initial testsytproved to be the most effective
phenols in dyeing of linen fabric. The colored fabrshowed sufficient contrast in shade
between various treatments and the control, satieatesults could be clearly

demonstrated and compared between samples.

3.2.1 Coloration of Linen

Linen fabric was incubated in a buffered mediahvaiccase and a suitable
substrate. Substrate concentrations were eitlférd&®B0% based on fabric for 1, 5, and
24 h incubation periods.

Figure 3.13 shows the effects of enzymatic colonadf linen with guaiacol and
laccase. Color absorption onto linen fabric inseghover time when laccase was
provided 20% (owf) of substrate. This trend wasaofiserved when laccase was given
80% (owf) of substrate; the maximum absorption aaxuiafter 5 h of incubation, and
the CIEL*a*b* values were similar to those of ination with 20% (owf) of substrate for
5 h. This could be due to either the lack of oxygathin the container relative to the

substrate concentration, or substrate inhibitidect$. It was observed that the best
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absorption of colorant occurred by providing laecas20% (owf) of substrate with an

incubation of 24 h.
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Figure 3.13: Change in CIEL*a*b* values of lineabfic at various incubation times

with 20 % or 80% guaiacol substrate in the presentaccase.

Figure 3.14 shows the effects of coloration ofimath resorcinol and laccase.
Color absorption onto linen fabric increased oweetwhen laccase was provided either
20% or 80% owf of substrate, with the maximum apson occurring after 24 hours of
incubation. There seems to be a slight benefibloration of linen with resorcinol at
20% owf of substrate rather than 80% at all incaloatimes. This could be due to
substrate inhibition occurring at higher concendrag, which results in slowing reaction

rates; hence, less colorant produced given equaliats of reaction times.
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Figure 3.14: Change in CIEL*a*b* values of lineabfic at various incubation times

with 20 % or 80% resorcinol substrate in the preseof laccase.

Since it is known that lignin plays an importaolerin the enzymatic synthesis
with laccase, the coloration experiments were riglaith the addition of free lignin
and sulfonated lignin present in the batch. This weobserve whether the additional
unbound lignin could enhance in the process or dratnly lignin enclosed in the linen
fibers was effective.

It was noted that, in the presence of free lidRigures 3.15 and 3.16), coloration
of linen occurred with either guaiacol or resor¢jitmwever, the depth of shade was
reduced. This could be due to free lignin adsaylainthe surface of the fabric without

actually reacting with guaiacol or resorcinol unttex influence of laccase. Thus the
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surface would be partially blocked and the fornratwd colorant hindered to a certain

extent.

In the presence of free sulfonated lignin (Figl8ds$ and 3.16), the shade of the
fabric changed to a light brownish-grey; this waserved for both guaiacol and
resorcinol coloration processes. This indicates shilfonated lignin either formed a
competitive inhibitor in the reaction of both guashand resorcinol, or that interactions
occurred between the phenols and free sulfonagedliwhich could reduce its substrate
affinity for laccase. Control experiments of ftegin and sulfonated lignin with laccase
in absence of phenols were also performed undesaime conditions. Color barely
developed on the linen fabric samples, even ledstwe sulfonated form of lignin. These
experiments made clear that additional lignin datlenhance the coloration process, at

least not in the form used in this research.
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Figure 3.15: Image and CIEL*a*b* values of colotaten fabric in the presence of
guaiacol and laccase with and without the 20% (@#ifyee lignin and sulfonated lignin.

a7



25.0

20.0 A

15.0 1

10.0 1

5.0 -

0.0 -

-5.0

-10.0 A

-15.0 A

-20.0

Figure 3.16: Image and CIEL*a*b* values of colotaten fabric in the presence of
resorcinol and laccase with and without the frgaih.
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3.2.1.1 Streaming Potential Measurements

The surface properties of both treated and untidaten fabrics were evaluated
using electrokinetic analysis (EKA). Zeta potentialues were monitored from a pH of
3.0 to approximately pH of 9.0.

When two surfaces are in contact with one anothgeh( as a solid and liquid) a
surface charge develops which depends on the pk¢ wdlithe liquid and the functional
groups of the solid. Directly at the interfaceigad electronic double layer forms, of
immobile counterions adsorbed at the surface fanatigroups, which is referred to as
the Stern layer. With increasing distance fromSkern layer, the influence on ionic
movement in the liquid is lessened (diffuse layerjl finally ions move freely in the
bulk of the liquid. The shear plane between difflaser and free flow in the bulk is not
defined thermodynamically, but can be determinedtbsaming potential measurements
(EKA). The resulting electrokinetic or zeta potahts an indication of the charge and

thus the surface functionality of the solid.

The linen control sample showed the expected Iprofith varied pH values
(Figure 3.17, 21). With exposure to laccase, #gative surface potential was
significantly reduced (BE in Figure 3.17). Sinaedase has no substantivity for
cellulose, only groups of the incorporated lignaukdl have reacted with it, and all effects
observed can only be assigned to functional grofiignin. It is interesting, although
fairly small, that it made a difference whetherigoal or resorcinol was used to produce
colorants in regard to the surface acidity or hgsaf the linen fabric. The enzymatic

reaction in presence of resorcinol resulted inrfase more similar to that of the
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untreated linen, while the surface after reactiai guaiacol resembled that of the
laccase sample (RE and GE in Figure 3.17, resmglivin both cases, the surface was
less negative than that of the untreated control.

3

-o-RE —o Linen ——GE - BE

(my)

N

Zeta Powtential

S

pH (in ImM KCI)

Figure 3.17: Zeta potentials of enzyme treateehlifabric corresponding to the pH
value. RE =resorcinol + laccase + linen (colsqdare), GE = guaiacol + laccase +
linen (triangle), BE = laccase + linen (diamondjdd.inen (square).

When free lignin was added into the process, zetenpials fell between those of
the guaiacol reaction alone (GE) and the untrelated samples (Figure 3.18). If amount
of added free lignin was increased, the negatite@ getential was slightly lower (G20LE
versus G10LE). As mentioned above, free ligninrditspecifically increase the
formation of colorant on the linen fabric. It wegeculated that a weak interaction
between free lignin and surface groups on the Ifabric occurred, which hindered the

process more than it assisted (by blocking avaalaiikeraction sites for the colorant).

The initial interaction between free lignin andfage groups was weak and unstable;
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hence, the final rinsing step in the dyeing proceasd disrupt this interaction, releasing

the free lignin and exposing the negatively chargedips.

—8 Linen B--G20LE —— G10LE -¢-GE
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Figure 3.18: Impact of the addition and concerdradf free lignin on the enzymatic
color formation with guaiacol. GE = guaiacol +dase + linen (diamond), G10LE =
guaiacol + laccase + linen + 10% free lignin (oguflangle), G20LE = guaiacol + laccase
+ linen + 20% free lignin (owf) (colored squarenda.inen (square).
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Figure 3.19: Change in zeta potentials upon launge Laundered G10LE = guaiacol +
laccase + linen + 10% free lignin (owf) (colorediate), Laundered BE = laccase + linen
(diamond), and Linen (square).

Washfastness of colorants is an important aspéetrefore laundering was
performed on the linen samples and the zeta patentiere determined (Figure 3.19).
Laundering of the treated fabrics did only slightguce the negative surface potential
compared to the non-laundered counterparts, wtuakdde interpreted as verification of

the stability and washfastness of the producedrants.

3.2.2 Coloration of Film

The enzymatically produced colorants were suca#égshcorporated into PVA
and CMC films; complete dissolution occurred anctaen blend was obtained, as can be
seen in Figures 3.20 and 3.21. The darkest huebtasmed with guaiacol for both PVA

and CMC films, as expressed in an increased L*evalithe samples. Overall the films
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were very thin and hence, the coloration fairlyfailhese experiments however showed
that it was feasible to integrate the enzymaticpityduced colorants uniformly in
coatings and films. This observation could be vergortant for future applications in

the food packaging industry.
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Figure 3.20: Image of PVA colored films (top), CHa*b* values of 18% PVA films
incorporated with colorant (bottom).
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Figure 3.21: Image of CMC colored films (top), CHa*b* values of 7.5%% CMC
films incorporated with colorant (bottom).
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CHAPTER FOUR

CONCLUSION

Synthesis of colorants and the dyeing of textiders and other materials are
processes where large amounts of waste are gethedagries with waste products,
toxicity of materials, safe working environmentdagwollution control are all concerns for
industries dealing with coloration; to resolve #éssues, there is a pursuit for novel
green methods. A variety of ways can be used pooagh this matter; however, the best
approach would be to make the overall process eeegy efficient with a minimum
amount of waste generation. The use of enzymbgaatalysts is a novel solution to
this matter; their reactions occur under mild ctinds and are highly regio-, stereo-, and
enantiospecific, making the process more efficaart less wasteful.

By using laccase, colorants were synthesized mgaieous medium by the
coupling of various lignin model compounds whichthee same time, can be part of a
colorant’s chromophore. It was found that the ghaitthe product depended upon the
initial substrate chosen. Colors ranged in humfaem orange-yellow, to tan, to
burgundy. The major peak in the absorbance spaaifithe colorants did not shift
significantly with the duration of the enzymati@otion, which means that the main
chromophore contributing to the shade was notedtdsut the amount of colorant

produced increased as the reaction progressed
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As a consequence of the developed color shadeitfieal phenols most likely
formed oligomeric or polymeric products with lacea@sitalysis. However, it was also
found that the products did not consist of onelsikgmpound, but rather of several in
more or less small amounts which were difficulséparate. A number of methods were
employed to isolate these products into distinahgonents.

To characterize the colorants a combination of tspscopic techniques was
employed. DSC analysis of resorcinol and guaipoodlucts indicated either an increase
in melting point temperature of the product (foe tormer) or higher thermal stability
(for the latter) when compared to the starting fiercompound. This denotes an
increase in either molecular weight, crystallinty,both. NMR results were not
conclusive; however, the spectra suggested thiatrelift kinds of aryl hydrogen peaks
are present. It can be speculated, that aromatigpg are a major part of the overall
structure, a fact that would also justify the olbisercolor shade of the products. From
the IR spectra of the products, broadening of paasobserved; this can result from
molecules being in close proximity to one anotidrich could be a result of an
oligomeric or polymeric structure.

Linen fabric was dyed using the enzymatically praticolorants. Maximum
absorption of both guaiacol and resorcinol colasadcurred with 20% (owf) substrate,
at 5 h incubation for the former and 24 h incubafar the latter. In both cases,
increasing substrate concentration or additiome fignin into the system, did not aid in
the coloration processes. Surface analysis ofdhieus treated fabrics indicated that
surface properties changed after the colorationge® and that the colored fabrics proved
to be washfast.
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In addition, enzymatically synthetized colorantgeveuccessfully incorporated
into PVA and CMC solutions and films formed. Thougmm, the films showed uniform
colorant distribution. Under the given experimem@hditions the highest amount of
colorant enclosed was the enzymatic product fromagol, which, not surprisingly,
resulted in the darkest shade.

In conclusion, this work showed that laccase isabépof catalyzing reactions
with simple phenols to give colored solutions. Qatds could be isolated and added to
polymeric solutions for biodegradable films. Enzyimayeing of cellulosic materials,
such as linen fabrics, was also feasible. Enzynodigo- or polymerizations therefore

have a great potential to lead to a “green”, mastanable chemistry in the future.
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APPENDIX
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Figure A.1: Change in Aldax Over time of guaiacol with laccase 51002
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Figure A.2: Change in AAimax over time of resorcinol with laccase 51002.

35

0.700

0.600 +

0.500 +

0.400 +

AU380nm

0.300 +

0.200 +

0.100 +

y = 0.0139x + 0.1646
R%*=0.9526

0.000

10

15

Time (min)

20

25

30

Figure A.3: Change in Aldaxover time of vanillic acid with laccase 51002.
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Figure A.4: Change in Aldax over time of vanillyl alcohol with laccase 51002.
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Figure A.5: Change in Aldax over time of isovanillyl alcohol with laccase 5200
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Figure A.6: Change in Aldaxover time of vanillic acid with laccase 51003.
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Figure A.7: Change in Aldax over time of vanillyl alcohol with laccase 51003.
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