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Abstract

This article reports on the dyeing of wool using an enzymatic system
comprising laccase; dye precursor, 2,5-diaminobenzenesulfonic acid; and
dye modifiers, catechol and resorcinol. Enzymatic dyeing was performed as
a batchwise process at the temperature and pH of maximum enzyme activ-
ity. The effects of the process variables reaction time, enzyme, and modifier
concentration on fabric color were studied, according to an appropriate
experimental design. Different hues and depths of shades could be achieved
by varying the concentration of the modifiers and the time of laccase treat-
ment. The duration of the enzymatic reaction appeared to be the mostimpor-
tant factor in the dyeing process. Thus, the dyeing process, performed at low
temperature and mild pH, was advantageous in terms of reduced enzyme
and chemical dosage.

Index Entries: Enzymatic dyeing; laccase; dye precursors; modifiers;
full factorial design.

Introduction

Laccases (EC 1.10.3.2) are multi-copper oxidases, which catalyze one-
electron oxidation of a wide range of inorganic and organic substances,
coupled with one four-electron reduction of oxygen to water (O, + 4H"* + 4e
—2H,0) (1). Laccases not only catalyze the removal of a hydrogen atom from
the hydroxyl group of methoxy-substituted monophenols, ortho- and
paradiphenols, butalso can oxidize other substrates such asaromaticamines,
syringaldazine, and nonphenolic compounds to form free radicals (2—4).

*Author to whom all correspondence and reprint requests should be addressed.

Applied Biochemistry and Biotechnology 1 Vol. 111, 2003



2 Tzanov et al.

Laccases in both free and immobilized form, as well as from organic
solvents, have found various biotechnological and environmental applica-
tions, such as removal of toxic compounds from polluted effluents through
oxidative enzymatic coupling of the contaminants leading to insoluble
complex structures, and as analytical tools—biosensors for phenols (5-11).
Laccases have been extensively used in delignification, demethylation, and
thereby bleaching of craft pulp (2,10,12-14). The capability of laccases to act
on chromophore compounds such as dyes led to the suggestion that they
can be applied in industrial decolorization processes (10,15-19). Laccases
are also known to polymerize phenolic compounds resulting in color gen-
eration. The ability of laccases to generate color in situ from originally
noncolored, low-molecular substances makes their use an alternative to the
conventional dyeing processes. In the last few years, various patents
reported on coloration achieved with laccase (20-31). Small colorless aro-
matic compounds such as diamines, aminophenols, aminonaphtols, and
phenols, described as dye precursors, are oxidized by laccase to aryloxy-
radicals. The oxidation of a reducing substrate typically involves formation
of a free (cation) radical, which may undergo further nonenzymatic reac-
tions resulting in colored dimeric, oligomeric, and polymeric molecules.
At least one of these intermediates in the copolymerization must be an
ortho- or paradiamine or aminophenol. Dye precursors can be used alone
or in combination with a suitable modifier (coupler)—another phenolic
compound—which together with the dye precursor will enlarge the color
palette achieved in the enzymatic dyeing. The modifier would react with
the dye precursor in the presence of laccase, converting it to a colored
compound. Knowledge about the process parameters for the enzyme
application, however, is quite limited.

Implementation of biotechnology in the textile industry aims at
replacing traditional high chemicals and energy- and water-consuming
operations with appropriate enzymatic processes at milder conditions.
The objective of this study was to investigate the dyeing ability of laccases
as an alternative to the conventional acid dyes for wool, and to define the
optimal experimental conditions to perform the enzymatic dyeing process.
Process parameters such as modifier and laccase concentration, and time of
dyeing, would influence simultaneously the dyeing result. The classic
method of studying one variable at a time may be effective in some situa-
tions but fails to consider the combined effects of all the factors involved.
Thus, a full factorial design was adopted in order to understand these
effects and their interactions.

Materials and Methods
Enzymatic Dyeing

The textile material used was scoured 100% wool fabric. Dyeing was
carried out in 0.1 M acetate buffer (pH 5.0) at 50°C with 2.5-10 mL/L of
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Trametes villosa laccase from Novo Nordisk (6.8 g of protein/L), 0.1 M dye
precursor (2,5-diaminobenzene sulfonic acid), and 5-50 mM dye modifiers
(catechol or resorcinol), for 1-9 h. All reagents were of analytical grade,
provided by Sigma (St. Louis, MO). After dyeing, the fabrics were thor-
oughly washed at boil with the nonionic detergent Lutensol ON 30 (BASF)
until no more dye was released in the washing bath. A transmission optic
microscope (Olympus BH2) with a x40 magnification was used to observe
the dye distribution across the fibers.

Experimental Design

The influence of the dyeing process variables (A = modifier concentra-
tion [mM]; B = laccase amount [mL/L]; C = dyeing time [h]) on the color of
the fabrics was studied using a 2° full factorial design with three coded
levels leading to 11 sets of experiments. The range and the levels of
the independent variables correspond to the ranges of variation of these
parameters in the enzymatic recipe for dyeing stated earlier. The data
were analyzed using Design Expert software (version 5.0). A polynomial
fits the relationships between independent and dependent variables:

3 3 2 3

v=By+ Z B + Z Baki+ Y X Buxx (1)

i=1j=i+1

in which y are predicted responses; B, , B,, B, ., andB _are coefficients; and
X, are the studied codified variables. The responses analyzed were the color
charactenstlcs K/S, L*, a*, b*. K/S is the Kubelka-Munk relationship, in
which K is an adsorption coefficient and S is a scattering coefficient. This
relationship isapplied to textiles under the assumption thatlight scattering
is owing to the fibers, while adsorption of light is owing to the colorant. L*,
a*, and b* are the coordinates of the color in the cylindrical color space,
based on the theory that color is perceived by black-white (L*, light-
ness), red-green (a*), and yellow-blue (b*) sensations. The color of the
dyed fabrics was evaluated using a reflectance measuring Datacolor appa-
ratus at standard illuminant D, (LAV /Spec.Incl.,d/8,D 5 /10°). Five areas
on each sample were measured in various positions, and the results repre-
sent average values with up to 1% variation.

When possible, the model was simplified, eliminating the statistically
insignificant terms. Regression and graphic analysis of the experimental
data was performed using Design Expert (version 5.0) software. The statis-
tical significance of the regression coefficients and the model equation was
determined respectively by student’s t-test and Fisher test. The proportion
of variance explained by the model was given by the multiple coefficient of
determination R The optimum set of variables was obtained by graphic
and numerical analysis using the Design Expert program, based on the
criterion of desirability.

Applied Biochemistry and Biotechnology Vol. 111, 2003



4 Tzanov et al.

Table 1
Experimental Design and Dyeing Results With Modifiers Catechol
and Resorcinol According to 23 Factorial Design

Variable Catechol response Resorcinol response

Run A B C K/S L* a* b*  K/S L* a* b*

1 -1 -1 -1 261 4889 658 717 217 5257 890 822
2 +1 -1 -1 514 39.04 591 746 240 5264 840 1191
3 -1 +1 -1 343 4501 654 741 249 5152 884 10.26
4 +1 +1 -1 334 4514 666 713 221 5376 824 1181
5 -1 -1 +1 14.16 2642 645 7.85 1522 2399 1129 3.16
6 +1 -1 +1 1494 2572 572 793 9.04 3355 10.76 10.18
7 -1 +1 +1 1949 2247 611 730 1835 2278 1117 550
8 +1 +1 +1 2391 1830 10.00 3.01 1397 27.05 10.65 8.05
9 0 0 0 1150 2872 631 756 795 3375 10.04 725
10 0 0 0 1286 2724 6.17 742 889 3247 1029 749
11 0 0 0 1436 2577 610 716 9.60 31.11 10.01 6.80

Results and Discussion

Screening experiments were conducted to identify which process
parameters influence the color (in terms of K/ S, L*, a*, and b*) of the enzy-
matically dyed fabrics. The effects of different experimental variables on
the dyeing results were simultaneously investigated, applying a full facto-
rial design experiment. The experimental matrix and the results are pre-
sented in Table 1.

The first step in the process of seeking optimal conditions for the
enzymatic dyeing is to identify the input variables with greatest influ-
ence on the responses. K/S and lightness values of the dyed fabrics at the
dye absorption maximum varied considerably (Table 1). The function K/Sis
directly proportional to the concentration of the colorant on the substrate
and indicates the dye adsorption and fixation. In our dyeing experiments,
K/S reflected the amount of fixed dye, since all the unfixed dyestuff was
presumably washed off. For the modifier catechol, K/ S varied from 2.61 to
23.91 and L* from 48.89 to 18.30. For the other modifier, K/ S values ranged
from 2.17 to 18.35 and L* from 53.76 to 22.78. The highest K/ S value for
catechol was achieved at the uppermost levels of the three factors. Interest-
ingly, for resorcinol the highest K/S value was attained when the modifier
was applied at the lowest concentration, while the amount of enzyme and
the time of treatment were at their highest levels. Catechol and resorcinol
are, respectively, ortho- and metasubstituted diphenols. Considering runs
7 and 8, the fabrics dyed with catechol appeared redder and bluer with the
increase in modifier concentration, while the samples dyed with resorcinol
became yellower and greener. Obviously the position of the second OH
group in the molecule of the modifier was responsible for the different
coloration behavior and the change in hue. This could be explained by the
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Scheme 1. Expected mechanism of reaction between dye precursor and modifier.

different pathway of the enzymatically catalyzed reaction between the dye
precursor and modifier. Laccase oxidizes the phenolic compounds, con-
verting them to reactive quinone species, which subsequently react nonen-
zymatically with amines forming 1,4-Michael-type adducts (Scheme 1).
The orthosubstituted diphenol-catechol can further undergo another
Michael’s addition of amine and develops deeper color than that of the
resorcinol color (Table 1). The orthodiphenols were reported as better sub-
strates for laccase than the metasubstitutes (32). Apart from reacting with
the dye precursor, the phenol modifiers could undergo an oxidatively
induced polymerization. Thus, the laccase-mediated oxidation of the dye
precursor and modifiers results in highly reactive radicals, which can
undergo either self- or cross-propagation with the respective monomers in
a way very complex for characterization.

Independently of the other variables, increasing the dyeing time from
1to 9h (dyeing temperature of 50°C, pH 5.0) drastically increased K/S and
decreased L* values. By comparison, the duration of the conventional
chemical dyeing process is normally 3 to 4 h, at boiling temperature in
highly acidic medium. Problems have been experienced with all attempts
to introduce low-temperature methods for wool dyeing, necessitating
application of various auxiliaries or solvents to effect diffusion of the dye
into the fibers, and even when the temperatures were in the range of 60—
80°C. This high time-dependent increase in K/S suggested that a deeper
color could be achieved simply by prolonging the contact time between the
textile material, enzyme, dye precursor, and modifier, in contrast to the
conventional dyeing of wool, in which the depth of the color is proportional
to the amount of dye. It is not clear, however, whether the dye was formed
in the solution and then was adsorbed on the textile material, or whether
it was formed directly on the fabric. Both possibilities exist, since the reac-
tive colored compounds adsorbed on the fabric could continue to interact
nonenzymatically. The presence of sulpho-groups in the molecule of the
dye precursor provides both solubility of the dye and substantivity toward
the wool material. The increasein K/S also indicated a higher dye presence
on the fabric. The cross-section image of the enzymatically dyed fibers in
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Fig. 1. Microscopic photograph of cross-section of wool fibers (original magnification:
x40) dyed according to trial 8 from the adopted full factorial design (with catechol).

Fig. 1 shows penetration of the dye into the interior of the keratin fiber.
This image suggests that the small molecules of the dye precursor and
modifiers could penetrate beyond the wool cuticles and some portion of the
color was formed in the fiber itself. The small size of the dyeing molecules
provides levelness of the dyeing.

Statistical analysis for each of the response variables according to the
student’s t-test (Table 2) showed that the factor with the most significant
effect (99% confidence level in most cases) on all responses was the time of
dyeing.

Analysis of Modifier Catechol

Models for responses a* and b* were not derived, since the plots of
the normal distribution of the residues showed a nonaleatory distribu-
tion. All the factors and their interactions were very significant and no
residues were left for the error analysis. Although the color can be splitinto
three components—L*,a*, and b*—only the firstisimmediately meaningful
in practice since the sign of L* i = L candara indicates that the sample is

lighter if AL* is pgsitive and darker if negative. The model expressed by Eq. 2
represents K/ S (Y,) as a function of laccase amount (B) and dyeing time (C):

?1 =10.88 +1.67xB +7.25x C+1.91 xBC (2)

This linear model was evaluated as statistically significant (p <0.0001)
at a 99% confidence level by F-test (analysis of variance [ANOVA]).
The model did not show lack of fit and presented a high determination
coefficient (R? = 0.96), explaining 96.5% of the variability in the response.
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Table 2
Estimated Effects, Standard Errors, and Student’s t-Test
for Most Important Output Parameters
With Modifier Catechol and Resorcinol According to 23 Full Factorial Design

Catechol Resorcinol

K/S (£0.51) L* (+£0.52) K/S (£0.29) L* (+0.47)
Factor Effect fValue Effect tValue Effect ¢ Value Effect ¢ Value
Mean  10.88 — 33.87 — 8.23 — 39.73 —
A 0.96 1.89 -1.82 -3.50* -1.33 -4.53¢% 2.02 4.32%
B 1.66 3.29*% -1.14 -2.19 1.02 3.50* -096 -2.05
C 725 14.33t -10.65 -20.41t 591 20.21t -12.89 -27.62%
AB 0.13 0.25 0.81 1.56 0.16 0.55 -0.39 -0.84
AC 0.34 0.68 0.61 1.16 -1.31  —4.49% 1.44 3.09*
BC 1.91 3.78% -1.70 -3.26*  0.99 3.39% -0.97 -2.08
ABC 0.78 1.55 -1.68 -3.22*  0.29 0.99 -093 -2.00

*p < 0.10; 'p < 0.01; %p < 0.05.

The contour plots described by the model equation (¥,) showed that
a maximum K/S value can be obtained by carrying out the dyeing with
10 mL/L of laccase, for 9 h (Fig. 2). Interestingly, for the first hours of
dyeing, observing the surface contour for K/S, the relation between the
time of reaction and the laccase concentration was almost a straight line.
This means that further addition of enzyme to the dye bath would not alter
the depth of color. However, with the increase in dyeing time these two
factors begin to interact and K/ S tends to increase as well.

For the lightness values (L*), the time factor and the modifier concen-
tration revealed to be significant with a confidence level of 99.8 and 92.7%,
respectively. Thus, these two factors and their interactions were included
in the model (Eq. 3) estimating the lightness as a function of time and
modifier concentration.

A~

Y,=33.87 - 1.82 x A — 10.65x C + 0.61 x AC 3)

ANOVA for the model showed that the regression was statistically signifi-
cant (p = 0.0006) at a 1% probability level and also presents a good determi-
nation coefficient (R? = 0.93), without lack of fit.

Considering the response surface of the lightness over the indepen-
dent variables modifier concentration and time (Fig. 3), low lightness val-
ues (i.e., darker color) were attained at longer dyeing time. However, there
is a compromise between time and modifier concentration, in a way that it
is possible to reduce the modifier dosage and to reach the same lightness
values by increasing the process time.

Based on the twomodels, a graphic optimization was performed using
the Design Expert program. The method consists of overlaying the curves
of all the models according to the criteria imposed. The optimal working
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Fig. 2. Contour plot of K/ S as function of laccase concentration and reaction time.
The factor modifier was kept constant (27.5 mM catechol).
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Fig. 3. Contour plot of L* as function of modifier (catechol) concentration and reac-
tion time. The factor laccase was kept constant (6.2 mL/L).
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Fig. 4. Optimum region defined by overlaid plots of two responses K/S and L*
evaluated for modifier catechol as function of laccase concentration and reaction time.
The modifier was kept constant (27.5 mM).

conditions were defined so that high K/S and low lightness values were
obtained. The criteria adopted were a K/ S >15 and lightness value inferior
to28. Thenonshaded area in the overlaying plotin Fig. 4 corresponds to the
levels of the process variable where all the criteria imposed were satisfied.

Analysis of Modifier Resorcinol

The model representing K/ S (;3) as a function of modifier (A) modified
laccase concentration (B), and dyeing time (C) was expressed by Eq. 4:

Y,=823-1.33x A +1.02x B +591x C~131x AC +0.99 x BC (4)

The F-test (ANOVA) revealed the statistical significance of the regression
(p=10.0002) at a 99.9% confidence level. The model did not show lack of fit
and exhibited a high determination coefficient (R*=0.99), explaining 99.3%
of the variability in the response. The model did not present curvature, and
the interactions AB and ABC were removed from the equation, since they
were not significant at the 90% confidence level.

The response surfaces described by the model equation (y3) are pre-
sented in Fig. 5. Maximum K/S on dyed fabrics would be obtained by
applying 10 mL/L of laccase, for 9 h of treatment, using the modifier in its
lowest concentration. Analysis of the two contours presented in Fig. 5
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Fig. 5. Contour plots of K/ S as function of modifier resorcinol (A) or laccase
(B) concentration and time of reaction. The other factor was kept at the zero level.

reveals that the same values of K/ S (i.e., depth of color on fabrics) could be
attained at constant reaction time, by increasing the enzyme and decreas-
ing the modifier concentration. For a short duration of the process, the
relation between the factors is linear, which implies that only time is really
significant in this region of study. When the time of dyeing was increased,
the other two factors started to reveal an interaction effect.

For the lightness of the dyed fabrics only the modifier concentration
(A), time of dyeing (C), and their interactions were statistically significant
at a 90% confidence level. The mathematical model representing the light-
ness factor (Y,) in the experimental region studied was as follows:

~

Y,=39.73 +2.02 X A—12.89x C + 1.44 x AC (5)

The regression was statistically significant (<99.99% confidence level) and
presented a good determination coefficient, explaining 98% of the total
variation in the response, the remaining 2% being explained by the residues.

The response contours of the lightness factor (v,) over theindependent
variables (Fig. 6) showed that the lightness was minimum (which implies
darkest color) when the time of dyeing was at its maximum and the modi-
fier concentration was at the minimum level.

Based on the two models obtained for this modifier, a graphic optimi-
zation was conducted using the Design Expert program. The optimal work-
ing conditions were defined to perform dyeing of the textile material in a
deep shade, i.e., high K/S and low lightness values. The criteria adopted
were a reflectance value >10 and a lightness value inferior to 35. The over-
laying plotin Fig. 7 showsanonshaded area where both the criteriaimposed
were satisfied. Optimization was carried out regarding the concentration
of laccase, the most costly component in the dyeing mixture.
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Fig. 6. Contour plot of L* as function of modifier (resorcinol) concentration and
reaction time. The factor laccase was kept constant (6.2 mL/L).
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Fig. 7. Optimum region defined by overlaid plots of two responses K/S and L*
evaluated for modifier resorcinol as function of laccase concentration and reaction
time. The other factor was kept at the zero level.
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Conclusion

This study was an attempt to optimize the process variables of a novel
laccase-assisted dyeing process of wool. Dyeing was performed in a dye
bath prepared witha dye precursor (2,5-diaminobenzenesulfonicacid) and
dye modifiers (catechol and resorcinol) and laccase, without any dyeing
auxiliaries. Increasing the reaction time and minimizing the enzyme and
modifiers loading could obtain darker coloration of the samples. This ren-
ders the laccase dyeing an economically attractive alternative to the con-
ventional use of high-water, dyes, auxiliaries, and energy-consuming acid
to dye wool. Additionally, the enzymatic reaction was carried out at a pH
and temperature safe to the textile material. The dyeing experiments with
two modifiers having the same molecular weight but with different posi-
tion of the substitutes revealed the potential of the enzymatic approach
for achieving a large diversity of colors and hues on the fabrics, varying
the starting compounds. Comparison of the two modifiers showed that the
concentration was not statistically significant for the color depth in the case
of catechol, but very significant in the case of resorcinol. Statistical analysis
showed that resorcinol should be used in low concentration to attain deep-
shade dyeing. Microscopic observation of the cross-section of the enzy-
matically dyed wool demonstrated penetration of the colorant into the
mass of the fibers.
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