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A rational approach has been applied to design a new environmentally acceptable and industrial-
ly viable enzymatic scouring process. Owing to the substrate specificity, the selection of enzymes
depends on the structure and composition of the substrate, i.e. cotton fibre. The structure and
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composition of the outer layers of cotton fibre has been established on the basis of thorough lit-
erature study, which identifies wax and pectin removal to be the key steps for successful scouring
process. Three main issues are discussed here, i.e. benchmarking of the existing alkaline scouring
process, an evaluation of several selected acidic and alkaline pectinases for scouring, and the ef-
fect of wax removal treatment on pectinase performance. It has been found that the pectinolytic
capability of alkaline pectinases on cotton pectin is nearly 75% higher than that of acidic pecti-
nases. It is concluded that an efficient wax removal prior to pectinase treatment indeed results in
improved performance in terms of hydrophilicity and pectin removal. To evaluate the hydrophili-
city, the structural contact angle (6) was measured using an auto-porosimeter.
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1 Introduction
1.1 General

Scouring of cotton textiles is an essential treatment in wet
textile processing to obtain a sufficiently hydrophilic fab-
ric [1-4]. In cotton, non-cellulosic materials create a phys-
ical hydrophobic barrier to protect the fibre from the en-
vironment throughout its development. During scouring,
waxes and other hydrophobic materials are removed from
the cotton fibres. In aqueous textile processing the wax-
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es and pectins impede wetting and wicking, subse-
quently obstructing aqueous treatments [5]. Convention-
ally, scouring is done in a hot aqueous solution of NaOH
to remove hydrophobic components from the primary
wall, e.g. pectin, protein and organic acids and the cuti-
cle—waxes and fats [1, 3, 4]. However, alkaline scouring is
a non-specific process. The use of high concentrations of
NaOH also requires neutralization of wastewater. Even
though alkaline scouring is effective and the costs of
NaOH are low, the scouring process is rather inefficient
because it consumes large quantities of water and ener-
gy. It is clear that this process needs to be improved con-
siderably to meet today’s energy and environmental de-
mands. In the last couple of years, substantial research
has been directed towards replacing this process with an
enzymatic one [4-23].

Most of the research done to develop an innovative en-
zymatic scouring process was focused on the potentials
of different enzymes. Cellulases and pectinases were
identified as potential candidates for an enzymatic scour-
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ing process [6-10, 16, 24]. However, the application of
pectinases resulted only in modest improvements in fab-
ric wettability, and cellulases caused significant losses in
fibre strength [10].

Therefore, a systematic approach has been applied
here to understand and to design a new bioscouring
process. Owing to the high substrate specificity of most
enzymes, it is necessary to have sufficiently detailed in-
formation about the substrate composition and morphol-
ogy to develop and introduce an economically viable, en-
vironmentally friendly bioscouring process. A thorough
literature review has been done on this issue, including
the latest insights from plant science. That reveals struc-
tural information that directly and strongly influences the
selection of enzymes for developing a new scouring
process. The gathered information about the cotton fibre
is focused on those aspects that can affect the perform-
ance of an enzymatic scouring process.

Three main issues are discussed here: Firstly, a bench-
marking of the existing alkaline scouring process, done by
measuring the hydrophilicity after scouring in terms of
the structural contact angle (0) and the percentage pectin
removal;, secondly, an evaluation for several selected
acidic and alkaline pectinases for cotton scouring; and fi-
nally, the proof for our hypothesis, which states that wax
removal, prior to pectinase treatment, improves the en-
zyme performance. In this way pectinase can be used ef-
ficiently in the scouring process. n-Hexane, a non-polar
solvent, was used to remove the wax from cotton to meas-
ure the full potential of the chosen pectinase. It must be
noted here that the purpose of the n-hexane treatment
was to prove the significance of a wax removal step prior
to the enzymatic treatment and not to introduce n-hexa-
ne as a pre-treatment agent.

1.2 Cotton fibre structure and proposed hypothesis

Comprehensive information about the cotton fibre struc-
ture has been gathered from literature [2, 3, 256—34]. The
total amount of non-cellulosic materials is dependent on
the source of cotton and the maturity of the fibre. The out-
ermost layer is the cuticle; it is a thin film mostly consist-
ing of fats and waxes (0.4-1.2% of the cotton weight) and
causes the hydrophobicity of the fibres [4, 6, 32]. Based on
electron microscope examination, the cotton fibre cuticle
has been shown to be very thin with a thickness of ap-
proximately 12 nm [25, 26, 28]. Table 1 gives a detailed de-
scription of the composition of the waxy material, having
a rather high and wide range of melting points
(64-214°C). The waxy contents can be divided into two
categories, a saponifiable part (nearly 40% of total wax
content) and a non-saponifiable part, comprising around
60% of the total wax. Alcohols such as gossypol
(C4oH,,0g), montanyl (C,H,,OH) and ceryl (C,.H,,OH) are
high molecular weight monohydric alcohols and belong to
the category of non-saponifiable waxes [27]. These n-pri-
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mary alcohols (C,,~C,,) combined with the fatty acids
(C,¢C,¢) are the main components of wax from the ma-
ture white cotton fibre. After treatment with boiling
NaOH, waxes are hydrolysed into a sodium salt of the fat-
ty acid and alcohol [2, 35].

Apart from the above-mentioned components in the
cuticle, there are also some complex biopolymers present.
Cutin, one of the biopolymers, is high molecular weight
polyester that comprises various inter-esterified C,; and
C,g hydroxy and hydroxy-epoxy fatty acids [26, 34]. The
cutin biopolymer in the cuticle is formed by cross-linking
hydroxylated fatty acids by intermolecular ester bonds,
leading to a 3D structure [37, 38]. Luque et al. [39] proved,
on the basis of Fourier-transform infrared spectroscopical
analysis and X-ray diffraction analysis, that cutin has an
amorphous structure. A study on the waxy composition of
white cotton fibre supports the presence of cutin in the
cuticle of cotton fibre. Such a composition is typical for
waxes that are embedded in plant cuticular membranes,
the so-called intra-cuticular waxes.

To destabilise the primary wall with enzymes, it is es-
sential to study the interconnections of cellulosics and
non-cellulosics. As illustrated in Figure 1, cellulose mi-
crofibrils are embedded in and linked to a matrix that con-
tains hemicellulose, acidic pectins, esterified pectins and
fibrous glycoproteins [30, 33, 40-42]. Hemicellulose mole-
cules (e.g. xyloglucans) are linked by hydrogen bonds to
the surface of the cellulose microfibrils. The backbone of
hemicellulose is similar to that of cellulose while, xylose,
galactose and fucose (the polysaccharides) are the addi-
tional residues present on the hemicellulose backbone.
Some of these hemicellulose molecules are cross-linked to
acidic pectin molecules (e.g. rhamnogalacturonan)
through short and esterified pectin molecules (e.g. ara-
binogalactan). Rod-shaped glycoproteins are tightly wo-
ven into the matrix. These non-cellulosic components are
present throughout the primary cell wall. When ap-
proaching the secondary cell wall, there is a difference in
the distribution and nature of each component. In the sec-
ondary cell wall, crystalline cellulose is mainly present [3].

Glycoprotein

Ca?*bridges
between
acidic pectins

Hemicellulose
Cellulose
microfibril

Acidic pectin

Esterified pectin

Figure 1. Interconnections between cellulose and other non-cellulosic
compornents in the primary wall of the cotton fibre. Modified from [40].
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Table 1. Detail wax composition of the mature dry cotton fibre [2, 3, 25, 27-29]

Type Main % dry Details of each constituents
Constituents weight Constituent Chemical Molecular Melting  Remark
formula weight  point (°C)
High molecular 40-52 n-Triacontanol CyoHOH 4388 87 Major
‘g:;fg:'whc" Gossypol (colouring matter) CoHyOs 5185 184214 Major
Montanyl (1-octacosanol) CsHysO 410.8 83 Major
Octacosanol CgHssO 410.7 83 Traces
Other alcohol C5.Cs0
Unsaponifiable Glycerol (low molecular weight alcohol, esterified with fatty acid)
part 52-62% Saturated and 7-13 Heptaconsane Cy,Hge
E;j?gg;tbeodns Triacontane CyoHeo
Untriacontane CyHe,
Dotriacontane CyoHee
Phytosterol, sterol, 3-8 B-Sitosterol CooHso 414.7 140
ilc:;f::s:nind y-Sitosterol CoHyy 4147 147
Sitosterol glucoiside (sitosteroline) C;sH¢,O
o- and B-Amyrin CyoHs0O
Fatty acid (with even 23-47 n-Tetracosanic acid C,H,;z0,,  368.6 84 Major
number of carbon (Lignoseric acid)
:Z‘:gi;)e:gf;or n-pentadecanoic acid CisH300, 242.0 69.6 Traces
Hexadecanoic acid (Palmatic) CH350, 256.4 64 Major
Saponifiable cis-9-Octadecanoic acid (Oleic) ~ C,4H,,0, 282.5 04 Traces
part 37-47% Octadecanoic acid (Steric) C5H360, 284.5 70 Major
Iso-Behenic acid C,,HLO0, 340.6 80 Traces
n-Pentadecanoic acid C,sH;3,0, 242.0 69.6 Traces
Hexadecanoic acid (Palmatic) CeH350, 256.4 64 Major

Resins -

Coloured resinous products

It is now clear that because of its nature and compli-
cated interconnections, the primary wall needs to be re-
moved during cotton scouring. To minimise the number
of different enzymes involved in the scouring process, it is
desirable to select one that is most suitable for destabili-
sation of the primary wall. From the discussion on inter-
connections in the primary wall, it is clear that pectin is
one of the most complicated non-cellulosic constituents
in the primary wall. Grant [33] reported that pectins act as
cementing material that contributes substantially to the
hydrophobicity of cotton fibre. According to Thakur et al.
[30] pectins can be classified into neutral (esterified
pectins) and acidic (non-esterified) pectins. Esterified
pectins prevent Ca?*-induced bond formation and are lo-
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cated at the outer layer of the primary cell wall. Esterified
pectins are necessary for the cell wall expansion during
the growth of the cotton fibre [30]. Alkaline pH facilitates
the degradation of esterified pectins via the B-elimination
cleavage of glycosidic bonds [31]. Therefore, we postulat-
ed that alkaline hydrolytic pectinases that can degrade
these esterified pectins would be desirable. The winding
layer, a layer between the primary and secondary wall of
a cotton fibre, contains non-esterified pectins. Ca%* ions
present in the winding layer cross-link the acidic pectins,
thereby holding cell-wall components together. This bond
formation between two non-esterified pectins is very
strong and forms a rigid structure that ultimately leads to
the prevention of secondary wall expansion [31].
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From the overall discussion on cotton fibre structure it
is clear that the waxy layer contributes significantly to the
hydrophobicity of the cotton fibre. Scouring materials
have to cross this first barrier in order to attack the pri-
mary wall components of the fibre. Therefore, we hypoth-
esized that more attention should be paid to an addition-
al step to remove the waxes prior to pectinase treatment.
To allow pectinase to react efficiently with the substrate,
the disruption and removal of the outermost waxy layer is
important [43-45]. In this way maximum hydrophilicity is
achieved at the first stages of the process before the pecti-
nase incubation, instead of just treating the fabric with
expensive enzymes. In this article, the effect of wax re-
moval treatment is evaluated in terms of change in hy-
drophilicity and pectinase performance. Different acidic
and alkaline pectinases have been evaluated for their
scouring performance.

2 Materials and methods
2.1 Enzymes

The enzyme alkaline pectinase (EC 4.2.2.2) used in this
study is BioPrep 3000L from Novozymes, Denmark. Bio-
Prep 3000L contains a mono-component pectate lyase
(PL) that is active in alkaline pH (pH 8-10). In commercial
enzyme products, unknown stabilisers, emulsifiers and or
surfactants are added to improve its performance. This
complicates comparing other pectinases with BioPrep
3000L. Hence to remove stabilisers, precipitation of Bio-
Prep 3000L was carried out with ammonium sulphate.
Precipitation of BioPrep 3000L, and the production of a PL.
from Bacillus pumilus are described elsewhere [46, 47]. All
three acidic pectinases are polygalacturonases (PG) and
were isolated from the fungal strains of Sclerotiums rolfsi
[48]. Two different media, glucose and cellulose, were
tested for PG production. Finally, three different PGs (PG-
glucose, PG-cellulose, and PG-precipitated) were used for
the scouring experiments.

2.2 Fabrics

The fabric used was an industrially desized 280 g/m?
plain-woven 100% cotton fabric, supplied by Ten Cate
Technical Fabrics B.V. in the Netherlands. The pore vol-
ume distribution (PVD) for a Ten Cate industrially desized
fabric was measured with an auto-porosimeter in reced-
ing mode (from low pressure to high pressure) to eliminate
the effect of irregular or interconnected pores. To check
the homogeneity of the fabric two samples of 6 X 6 cm
were collected diagonally from the randomly selected
12 X 12 cm fabric and a PVD analysis was performed.
NaOH scoured cloth was prepared in batch mode, resem-
bling industrial process conditions (0.25 M NaOH in
presence of commercial scouring additives at 95°C for
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180 min) and supplied by TNO Science and Industry in
the Netherlands. All experiments were performed with
demineralised water.

2.3 Structural contact angle

To study the change in hydrophilicity (wetting) of a fabric
sample, two methods are widely used, the so-called ‘stan-
dard drop test’ [49] and the ‘water absorption test’. Both
tests are greatly affected by changes in pore size result-
ing from different treatments. That is why ‘drop test’ val-
ues give large standard deviations. Moreover, in both
tests, changes in PVD cannot be monitored; hence the re-
sults might be difficult to interpret. Therefore, a TRI auto-
porosimeter [50] was used here to measure the structural
contact angle of fabric together with information on the
inter- and intra-yarn pore size distribution. The pore size
is determined via its effective radius, and the contribution
of each pore size to the total free volume. The advantage
of an auto-porosimeter above other wettability experi-
ments is that the results obtained are independent of the
fabric density, and of the structure of the fabric (e.g. knit-
ted or woven).

Miller et al. [50] described the operating procedure for
liquid porosimetry in detail, which requires quantitative
monitoring of the movement of liquid into or out of a
porous structure. The effective radius R of a pore is de-
fined by the Laplace equation. The structural contact an-
gle 0 within a porous network can be determined from
two plots of the liquid uptake vs. the effective radius. The
first measurement is done with a test liquid (double-dis-
tilled water) and the other with a reference liquid (0.1%
Triton X-100, a non-ionic surfactant solution). It is as-
sumed that cos(®),, =1 for the reference liquid and that
the test liquid does not form a zero contact angle. In that
case, it is possible to calculate cos(0). . value for the test
liquid by:

— zyref Zytest
cort, .= 35 ) | B

Where v is the surface tension (mN/m), and AP is the
Laplace pressure difference across the liquid/air menis-
cus (Pa). It should be kept in mind that for this equation to
hold, the porous structure of the specimen must be un-
changed during switching from one liquid to the other.

test

2.4 Pectin removal

Residual pectin on the fabric was analysed by staining it
with ruthenium red [7]. This method is well adopted to
evaluate pectin removal in scouring [13, 15, 45, 47, 51].
Briefly, two fabric samples of which the pectin content
has to be determined were sewed together with the grey
fabric (100% pectin control) and an alkaline scoured fab-
ric (0% pectin control) to form a circular shaped fabric
with a diameter of 8 cm. The fabric was then dyed with
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ruthenium red dye solution (100 mL/g fabric) for 15 min at
room temperature and rinsed afterwards with 1 L dem-
ineralised water. Each swatch was then washed with
demineralised water for 10 min at 60°C in a Linitester. Af-
ter line-drying overnight, the reflectance at 540 nm was
measured and K/S values were calculated. The K/S value
is a number related to the amount of the dyestuff present
in a substrate, using the Kubelka-Munk equation [7].
From these values, the percentage of residual pectin was
determined using controls [7, 51]. The average SD in the
pectin removal values was found to be 0.5-6%. One litre
of ruthenium red dye solution contained the following
components: 0.2 g ruthenium red (Aldrich), 1.0 g ammo-
nium chloride, 2.5 mL ammonium hydroxide solution
(28%), 1.0 g Silwet L-77 (Witco Europe SA, Geneva,
Switzerland) and 1.0 g Tergitol 15-S-12 (Aldrich). The pur-
pose of both Silwet L.-77 and non-ionic surfactant Tergitol
15-S-12 is to facilitate wetting of ruthenium red on the
surface of cotton fabric for uniform dyeing.

2.5 The general experimental setup for scouring
experiments

To benchmark the effect of wax removal, desized fabric
was extracted with n-hexane in a Soxhlet apparatus for
30 min at 75°C [43, 44, 45]. It is assumed that all surface
waxes are removed by the solvent extraction [52]. Scour-
ing experiments where performed in an 1-L beaker in
which three fabric samples of 5 X 12 cm were treated in
an enzyme solution of 500 mL, including the 50 mM Tris-
HClbuffer (pH 8). The beaker was placed in a temperature
controlled water bath at 30 or 50°C. The applied shear was
minimum (100 rpm), just enough to keep the fabric sam-
ple suspended in the reaction vessel. After the treatment,
the fabric samples were rinsed in 500 mL water at 90°C
for 15 min, to inactivate the enzymes. Thereafter, the sam-
ples were rinsed twice for 5 min in water at room temper-
ature. Finally, the samples were kept on a flat acrylic sur-
face for air drying at least 24 h before evaluating the fab-
ric samples. All the experiments were performed in dupli-
cate. Other details or modifications of this protocol are
explained in the corresponding paragraphs.

3 Results and discussion
3.1 Uniformity of cotton fabrics — a substrate selection

For proper benchmarking of the existing scouring process
in terms of hydrophilicity, the fabric substrate should be
relatively uniform in terms of its PVD. A proper determi-
nation of PVD for woven cotton fabric is a difficult task,
since the pores in cotton fabric are irregular in shape and
may be interconnect to each other. The results from PVD
measurements with the TRI auto-porosimeter are shown
in Figure 2. From this figure it is apparent that most of the
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Figure 2. A PVD analysis for the Ten Cate industrially desized fabric
(~280 g/m?) in receding mode using Triton X-100 (0.1 g/L).

intra-yarn pores are in the range of 3-8 um, while the in-
ter-yarn pores are frequently observed in the range of
38-57 ym, with a mean radius of 46 ym. Both the PVD dis-
tributions match very well and are in the same range for
both the intra-yarn and the inter-yarn pores.

3.2 Benchmarking

Proper benchmarking of the current alkaline scouring is
essential to establish a clear relationship with other treat-
ments. Miller et al. [50] showed that the structural contact
angle 0 is directly proportional to the hydrophobicity of
cotton fibre. Therefore, the structural contact angle and
pectin removal have been measured for untreated fabric,
0, eateqr @fter the wax removal, Gpnmaw wap @nd after
scouring with NaOH, 6_ . fabric. The contact angles
for untreated fabric, primary wall and scoured fabric are in
the following order 0 icq > 0o wan ™ Occonrea [10, 50].
The structural contact angle was used to benchmark the
performance of the current alkaline scouring process and
to compare the results of other treatments. The results of
the treatments are shown in Figure 3. Sample A was the
blank that was not treated at all. Sample B was extracted
with n-hexane to remove the waxes. Sample C was
scoured conventionally with NaOH. The structural con-
tact angle of untreated cotton was 83°, the structural con-
tact angle after solvent extraction was 68° and the struc-
tural contact angle of the conventionally scoured fabric
was b3°. This latter value is thus the one must be
achieved in a new scouring process. The average SD in
the structural contact angle measurements was in be-
tween 3° and 7°. As shown in Figure 3, pectin removal for
untreated fabric was considered as 0% and for the NaOH
scoured fabric 100%. Solvent extraction treatment target-
ed to the wax removal, as aresult, less than 7% pectin was
removed (Fig. 3).
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Figure 3. Change in the structural contact angle and percentage pectin re-
moval of fabric after different treatments. (A) Standard fabric as a blank
sample, (B) fabric extraction with n-hexane for 30 min at 75°C to remove
surface waxes and (C) NaOH-scoured sample as a benchmark.

3.3 Potential of different pectinases

Effects of six selected pectinases (three different acidic
PGs and three alkaline PLs) for pectin removal were stud-
ied. To be sure that only the enzymatic effect of pectinase
was determined, all fabric samples used have been treat-
ed first with n-hexane at 756°C for 30 min. It was assumed
that this removed the wax layer and that the primary wall
that contains the pectin layer was then fully exposed to
the enzymes. The concentration of all the pectinases used
was 100 U/g fabric. Experiments with acidic PGs were
performed at pH 5, whereas for the alkaline PLs the
recommended pH 8 was used. All the treatments lasted
30 min at 50°C (recommended temperature). Figure 4A
shows the results obtained with the acidic pectinases and
Figure 4B shows the results with the alkaline pectinase
treatments.

The acidic PGs remove 45-52% of the pectin. Pecti-
nases produced on a cellulose-containing medium con-
tained some low endoglucanse activity in contrast to
pectinases produce on glucose medium. This obviously

A 100
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L 03
g 50 60 E
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e
§ 2. g
0 0
E 0 .
€ 30
e 2 ®
Q 20
10 0
] | I 0

n-hexane only Blank for PGs PG-cellulose PG-precipitated PG-glucose
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enhances the effect of pectinases probably by improving
accessibility of the substrate to the enzyme [48]. In con-
trast, with the alkaline pectinases (PL or BioPrep 3000L),
76-83% of the pectin was removed. This means that the
performance of alkaline pectinases is approximately 75%
higher compared to the acidic pectinases (PGs). As far as
the structural contact angle 0 is concerned, the treatment
with PGs gave a contact angle of ~66° that was higher
than with alkaline pectinases 0 ~60°. Blank samples with-
out any pectinase treatment had a structural contact an-
gle of ~69°. Figure 4B shows that there was almost no dif-
ference between the performances of the three selected
alkaline pectinases in terms of the structural contact an-
gle and pectin removal. Three conclusions can be drawn
here; firstly, the performance of the alkaline pectinase is
better than acidic PGs. Secondly, the pectinolytic capa-
bility of alkaline PL from B. Pumilus is equivalent to that
of commercial BioPrep 3000L and, finally, the precipitated
BioPrep 3000L has a similar performance as commercial
BioPrep 3000L.

The enzymatic mechanisms of acidic PG and alkaline
PL are explained in literature [46, 47]. The PG cleaves the
galacturonic acid by an acidic hydrolysis reaction, while
PL degrades pectin by a B-elimination reaction. The same
authors found that PG cleaves o-1-4 glycosidic linkages in
pectin that are not esterified (acidic pectins). PL cleaves
the partially esterified pectin backbone and the long
methylated chains of rhamnogalacturonan, which results
in the formation of a double bond between C4 and Cb5 at
the non-reducing end.

Krall et al. [53] reported that the degree of pectin es-
terification has an opposite effect on the rate of degrada-
tion by acid hydrolysis compared to its effect on the rate
of B-elimination. Alkaline pH also promotes the B-elimi-
nation reaction and the de-esterification process of
methyl-esterified pectin. These two mechanisms help to
break the pectin polymer interaction between two esteri-
fied pectin molecules at the outer surface of the cotton fi-
bre [34]. The presence of partially esterified pectins on the
outer layers of the cotton fibre and the alkaline pH in-

80 | @ The structural contact angle ® % Pectin removal o

70
7 — 80

60 =
= 70 E
ﬂ3 50 4 60 E
1]
2w 50 E
L

a0 B

8 304 3
] a
£ e
8 20 5

10 10

: L mm : 0

n-hexane only Blank for PLs BioPrep 3000L BioPrep-ppt PL

Figure 4. Effect of six different pectinases on the structural contact angle and percentage pectin removal. (A) Ten Cate industrially desized fabric
(~280 g/m?) samples were treated with three different acidic pectinases (PGs) at pH 5, in 50 mM acetate buffer, (B) fabric samples were treated with Bio-
Prep 3000L, precipitated BioPrep 3000L and PL from B. Pumilus in 50 mM Tris-HCl buffer, pH 8. All experiments were performed at 50°C, for 30 min using

100 U/g pectinase.
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creases the performance of alkaline pectinase compared
to acidic pectinase [45]. The obtained results prove our
postulation about the superior performance of alkaline
pectinase on cotton pectin. From this point on, PL an al-
kaline pectinase was used in all other experiments and is
subsequently named ‘pectinase’ here.

3.4 Wax removal

To verify our stated hypothesis, the effect of the waxy lay-
er on pectinase performance towards improved hy-
drophilicity was evaluated. The aim was to determine
whether wax removal or the presence of surfactants im-
proves the performance of pectinase. Two different sets of
experiments were done with the standard fabric. In the
first set, various treatments were given to the fabric fol-
lowed by a pectinase treatment. It has been deduced that
boiling with water or buffer solution would melt some of
the cotton waxes, resulting in an improved pectinase pen-
etration in the primary wall [10]. These different treat-
ments were: (a) blank or untreated fabric, (b) boiling with
demineralised water at 100°C for 2 min, (c) boiling with
50 mM, Tris-HCL buffer, pH 8 at 100°C for 2 min and (d)
n-hexane extraction 75°C for 30 min. In the second set of
experiments the same treatments (a—d) were given to af-
fect or remove waxy layer, but this time the pectinase
treatment was done in presence of 1 g/L Triton X-100. The
compatibility of Triton X-100 with pectinases was con-
firmed by conducting the activity assay [45].

Figure bA shows that a treatment to remove waxes
has a positive influence on the structural contact angle.
However, the change in the structural contact angle was
small, 6 ~77° for the untreated fabric and 6 ~68° with
n-hexane treatment (both blank experiments). Treatment
with demineralised water (b) and buffer-treated fabric (c)
showed almost the same structural contact angle 6 ~71°.
Figure bA shows that the difference in structural contact
angle is maximum for n-hexane-extracted fabric (0 differ-

A

70 1
B0 4
50 4
40 1
30 4
20 4
10 4

Contact angle, § [deg]

a) Untreated b) Water. c) Buffer pH 8. d) n-Hexane.
fabric 100°C 100°C 75°C
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ence >7°), compared to any other treatment. The de-
crease in O for the solvent-extracted fabric can be as-
cribed to an increased surface area accessible for pecti-
nase treatment. Results from the second set of experi-
ments are similar to the first set except for the treatment
with n-hexane followed by pectinase and Triton X-100
(Fig. bB). For n-hexane-treated fabrics, a significant dif-
ference in 0, ~12°, was achieved comparing the blank
with the pectinase-treated sample. A 0 of ~54°, which is
close to the desired value was obtained using surfactants
in combination with BioPrep 3000L (Fig. 5B).

From Figure b5, it can be concluded that the incorpo-
ration of a treatment that removes surface waxes, like the
n-hexane treatment, leads to an increased hydrophilicity
of the fabric, making the pectin surface of the fabric more
accessible to pectinase. Moreover, it can be concluded
that, for n-hexane-treated fabrics, a non-ionic surfactant
such as Triton X-100 has a positive impact on the pecti-
nase performance because of the better surfactant pene-
tration inside the yarns. Therefore, the principal challenge
in enzymatic cotton scouring is not just the degradation
of pectin, but to increase hydrophilicity by removing cot-
ton waxes at low temperatures effectively and efficiently
via a benign route. This topic is discussed elsewhere in
detail ([45], and Agrawal et al., 2006 to be published).

3.5 Pectin removal

In Section 3.4, it was demonstrated that a pectinase treat-
ment after wax removal leads to an improved hy-
drophilicity. Therefore, the effect of wax removal on pecti-
nase hydrolytic rate was evaluated. We hypothesised that
wax removal from the cotton fibre surface would result in
more pectin surface available for the pectinase action,
and hence the kinetics of pectin hydrolysis will be faster.
The evaluation was done in terms of pectin removal as a
function of time for different treatments. The standard
fabric was considered as a control sample with an intact

80 - [ @Blank + Triton %100 @PL + Triton %-100 |

70 -
60
50
40
30
20
10 A

Contact angle, ¢ [deg]

0 T T T
a) Untreated b) Water., c) Buffer pH 8, d) n-Hexane,
fabric 100°C 100°C 75°C

Figure 5. Effect of various treatments to affect or remove waxes on pectinase performance in terms of the structural contact angle. Various treatments fol-
lowed by 100 U/g PL incubation at 50°C for 30 min, in 50 mM Tris-HCl buffer, pH 8, and the appropriate blanks. (A) Treatment followed by blank and alka-
line pectinase (PL) incubation, (B) treatment followed blank and alkaline pectinase (PL) incubation in presence of 1 g/L Triton X-100.
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60 ~ # Peclinase alone

50 4 = n-hexane + pectinase

% Pectin removal
s

0 5 10 15 20 25 30
Time (minutes)

Figure 6. Performance of PL (13 U/g fabric) in terms of pectin removal
before (®), and after wax extraction (M). Lines are tentatively drawn. De-
sized fabric was subjected to n-hexane extraction at 75°C for 30 min prior
to pectinase incubation.

waxy layer on its fibre surface. Another sample was the
n-hexane extracted fabric followed by the pectinase treat-
ment.

From Figure 6 it is clear that the kinetics of pectin hy-
drolysis was faster for the fabric sample that was previ-
ously treated with the n-hexane. The rate of pectin hy-
drolysis followed first order kinetics. After 30 min of pecti-
nase incubation, 76-80% of pectin was removed. The
time constant for these two different treatments was cal-
culated by the 63% method [45]. Pectinase treatment
alone takes nearly 9 min to remove 63% pectin; however,
n-hexane treatment followed by pectinase needed only
5.5 min for the same amount of pectin removal. Therefore,
the initial rate of pectin hydrolysis for the n-hexane ex-
tracted fabric is nearly 1.65 times higher than the pecti-
nase treatment alone.

In our experiments the substrate was not varied for the
two treatments; hence, the rate of pectin hydrolysis is
completely dependent on the available substrate for
pectinase action. n-Hexane extraction of the fabric re-
sulted in larger surface area, which facilitates exposure of
non-cellulosic interconnections in the primary wall to the
pectinase.

Interestingly, from the structural contact angle meas-
urements (Fig. bA), the 6 was ~74° for pectinase-only-
treated fabric, and ~62° for fabric that was first treated
with n-hexane followed by pectinase; a difference of ~12°.
However, the amount of pectin removal is nearly the same
(76-80%) with both treatments after 30 min. Therefore, it
can be concluded that the structural contact angle is in-
fluenced by both wax and pectin removal. In case of
n-hexane extraction followed by a pectinase treatment,
the waxes are removed efficiently, but that was not the
case with the pectinase-only treatment. To conclude, the
addition of an efficient wax removal step improves the
performance of pectinase in terms of pectin removal and
hydrophilicity of the fabric.

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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4 Concluding remarks

A systematic approach is necessary to design and intro-
duce an adequate continuous bioscouring process. A
thorough literature survey reveals many clues, which
have direct influence on designing an efficient enzymat-
ic scouring process. Wax and pectin removal are identi-
fied to be the most important steps in the scouring
process. A TRI auto-porosimeter was used to measure the
structural contact angle of the fabrics. Benchmarking of
the existing NaOH scouring process was done by meas-
uring the structural contact angle 6 and pectin removal for
untreated (0, ...,). after wax removal (0 rimary wap)» @nd
for alkaline scoured fabric (Gscoured). A structural contact
angle of less than 53° is needed to achieve sufficient hy-
drophilicity in the scouring process.

Six selected acidic and alkaline pectinases were test-
ed for their scouring potential after wax removal. The dif-
ference in performance can be deduced from the cotton
structure. The pectin removal performance of alkaline
pectate lyases (PL and BioPrep 3000L) is nearly 75% high-
er than that of acidic polygalacturonases (PG). Moreover,
alkaline pectinase improves the hydrophilicity (6~60°)
more than the acidic pectinase (6=66°). The specially pro-
duced PL from B. Pumilus was, like the commercial Bio-
Prep 3000L, a potential enzyme for an industrial bioscour-
ing process.

Results validate the hypothesis that the disruption
and removal of the outermost waxy layer is of prime im-
portance to allow pectinase to react efficiently with the
substrate. This should result in a more efficient process
because of improved hydrophilicity. n-Hexane-extracted
fabrics followed by the pectinase incubation in the pres-
ence of surfactant produces the best results, 6~54°, which
was close to that of alkaline scoured fabric. The rate of
pectin hydrolysis was nearly 1.65 times faster when the
fabric was treated with n-hexane followed by the pecti-
nase. From these results it was concluded that wax re-
moval is a prerequisite for higher pectinase performance
to achieve sufficient hydrophilicity in the enzymatic
scouring process.
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mission (European Commission GROWTH Program, grant
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losic fibres, BPT). We would like to thank the foundation
TGM and the Dutch Ministry of Economic Aftfairs for their
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