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Abstract

Biopolishing is a textile process that uses cellulases to improve the pilling resistance of fabrics. Although the process
improves the pilling resistance, softness and color brightness of fabrics, it causes a significant loss of tensile strength in
treated fabrics. The present work studied the use of cellulase immobilized on kaolin by adsorption and covalent bonding in
biopolishing to get around this problem. The cellulase immobilization has been reported as promising alternative to over-
come the inconvenient of biopolishing, but it has been very poorly explored. The results showed that cellulase immobilized
by both covalent bonding and adsorption methods provided to the knitted fabric similar or superior pilling resistance to free
cellulase, but with greater tensile strength. Immobilization also allowed for efficient recovery and reuse of the enzyme. The
present work is a relevant contribution to the literature, since, as far as we know, it is the first work that shows it is possible
to minimize the loss of tensile strength and also reuse the immobilized enzyme, giving a better-quality product and also
contribution to reducing the cost of the polishing step.
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Abbreviations

BPc Biopolishing with buffer solution only

BPk Biopolishing with buffer solution and kaolin
BPe Biopolishing with free cellulase

BPads Biopolishing with cellulase immobilized on kao-
lin by adsorption
BPcov Biopolishing with cellulase immobilized on kao-

lin by covalent bonding
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Introduction

Enzymes are a sustainable alternative for textile industries to
produce the same or sometimes even better-quality products
with less chemical, water, and energy consumption and with
less problematic waste generation than traditional processes
[1-3]. Therefore, their use in some processes of textile pro-
duction can help both industry and the environment [4].
Enzymes can be used for various wet processing opera-
tions, from cleaning preparations to finishing processes
[5-7]. Biopolishing is a finishing process that combines
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mechanical agitation and cellulase action to reduce the pill-
ing of cellulosic fabrics (natural and regenerated) [8—10].
Pilling is a term used for small tangles of fibers in the form
of a ball that is attached to the fabric surface. The pills are
formed during wearing and washing by the entanglement of
protruding microfibers that come off from the yarn surface
[11]. Pilling is a problem that not only affects the appearance
and touch of fabrics but also reduces their useful life [12].

Besides improving the resistance to pilling, the biopol-
ishing process also provides a softer, smoother handle and
better color brightness to fabrics [13, 14]. Although biopo-
lishing improves the quality of cellulosic fabrics, it inevita-
bly causes significant tensile strength loss to treated fabrics
[15, 16]. This problem has been attributed to the hydrolysis
of cellulose in the interior of the cotton fibers since cel-
lulase can easily diffuse into them [17—-19]. To minimize
this problem, one of the proposed approaches is the immo-
bilization of the enzyme on supports. Immobilization may
limit the diffusion of the enzyme, particularly inhibiting its
penetration into cotton fibers [17, 18, 20, 21]. Thus, it is
expected that the loss of tensile strength will reduce, because
the enzymatic hydrolysis will be limited to the surface of
the cotton fibers preserving the cellulose molecules in the
interior of the cotton fibers [17, 18, 20, 21].

The immobilization may offer another important advan-
tage: the possibility of reusing the biocatalyst [20]. The
reuse of immobilized enzymes is very important, because it
can compensate for the costs associated with immobilization
and thereby make the technique economically viable.

Yu et al. [19, 22, 23], and Sankarraj and Nallathambi
[17] showed that immobilized cellulase improved the surface
properties of the fabrics causing lower tensile strength loss
than free cellulase. Although these researchers have obtained
important results for the biopolishing process, they have not
evaluated the reuse of immobilized cellulase. Kumar et al.
[24] showed that immobilized cellulase could be used for
biopolishing for successive cycles efficiently, but the immo-
bilized enzyme did not minimize the tensile strength loss.

So far, there are no papers in the literature that have
proved the minimization of tensile strength loss of treated
fabrics and efficient reuse of immobilized cellulase at the
same time. Moreover, the supports used (Eudragit, Con-
canavalinA layered with calcium alginate bead and epoxy
resin) are organic or/and synthetic, expensive, not mechani-
cally resistant to high agitation conditions (as required in
biopolishing process), which makes them not adequate for
industrial applications.

In this context, the present investigation aims to evaluate
the effects of free and immobilized cellulase on the physi-
cal and mechanical properties of cotton knitted fabric, as
well as, the reusability of immobilized cellulase. The physi-
cal and mechanical properties of cotton knitted fabric such
as pilling resistance, mass variation, tensile strength, and

white index have been analyzed for free and immobilized
enzymes. The cellulase was immobilized on kaolin, an inor-
ganic, natural, low-cost material, that has not yet been used
in biopolishing processes.

Materials and methods
Materials

The commercial enzyme preparation Biokey AKM (rich
in endoglucanases) was kindly donated by Akmey Brazil
(Indaial, Santa Catarina, Brazil). The enzyme preparation
was submitted to a dialysis process with phosphate buffer
solution, pH 6.0, for 7 days at room temperature (approxi-
mately 25 °C). The resulting enzyme solution was lyophi-
lized and stored under refrigeration (4 °C).

Kaolin (Saca B) (Imerys—Par4, Brazil), 3-aminopropyl-
triethoxysilane (APTES) (Sigma Aldrich), glutaraldehyde
(GA, 25% wi/v solution in water) (Vetec), dibasic sodium
dihydrogen phosphate (P.A) (Vetec), and monobasic anhy-
drous potassium phosphate (P.A) (Vetec) were used for
enzyme immobilization. Sodium carboxymethylcellulose
(CMCOC) (Sigma Aldrich), acid 3,5-dinitrosalicylic (DNS,
P.A) (Vetec), citric acid monohydrate (PA) (Vetec), potas-
sium and sodium tartrate (P.A) (Dinamica), glucose D (+)
anhydrous dextrose (P.A) (Vetec), and sodium hydroxide
(P.A) (Lafan) were used for enzymatic assays.

A grey knitted fabric (150 g/m?, 100% cotton, and made
from open-end yarn) was used as a textile substrate. Before
the experiments, the knitted fabric was scoured and bleached
according to ABNT NBR 13218-1994 [25] using a solu-
tion containing sodium silicate (5 g/L), magnesium sulfate
(5 g/L), hydrogen peroxide (2% v/v), and emulsifier Prote-
Pon WRR 14-BR (Prox do Brazil) (1% v/v) with pH adjusted
to 11 by adding caustic soda solution (50% w/v). The pro-
cess was performed at 90 °C, for 60 min, and 1:10 (1 g of
knitted fabric for 10 mL of solution) fabric-to-liquor ratio,
using a rotary drum machine (MTP-HT, Mathis). At the
end of the process, the knitted fabric was neutralized with
an acetic acid solution (2% v/v), using the same bath ratio
used previously, at room temperature for 10 min. Finally, the
knitted fabric was rinsed twice with water, dried at ambient
conditions, and stored.

Enzyme immobilization

The immobilization of cellulase on kaolin by covalent
bonding and by adsorption was carried out according to the
methodology previously described by Lima et al. [26, 27],
respectively. The immobilization process was carried out
by adding 10% (w/v) of natural kaolin (for immobilization
by adsorption) or functionalized and activated kaolin (for
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immobilization by covalent bonding) to phosphate buffer
solution (50 mM phosphate buffer pH 7.0) containing
100 mg/mL of cellulase. This mixture was then stirred for
24 h, at 25 °C and 150 rpm. Subsequently, the kaolin parti-
cles were recovered by centrifugation (3 min and 3130xg),
washed, suspended in buffer solution, and stored at 4 °C.

Biopolishing

The cotton knitted fabric was treated with free and immo-
bilized (covalent bonding and adsorption) cellulases using
a laboratory beaker dyeing apparatus (HT ALT-B, Mathis).
The process conditions used were 1:30 fabric-to-liquor ratio,
pH 5 (acetate buffer, 50 mM), 50 °C, and 90 min. The free
and immobilized cellulases were applied with the same
CMCase activity. Ten steel balls (diameter 0.6 cm) were
added to each beaker to enhance the mechanical agitation
(according to ABNT NBR ISO 105-C06 [28]). After the
cellulase treatments, the samples were rinsed three times
with acetate buffer (pH 5, 50 mM). Then, it was performed
the deactivation of residual cellulases using 1 mM sodium
hydroxide at 100 °C for 15 min. Finally, the samples were
rinsed with water and dried at 60 °C for 2 h.

To evaluate the reusability of immobilized enzymes, the
solutions (bath) used during the biopolishing and the solu-
tion resulting from samples washing were centrifuged to
recovery the immobilized enzymes. After the centrifugation,
the particles were resuspended keeping the 1:30 fabric-to-
liquor ratio and used in the biopolishing of new samples.

Two control assays were performed under the same con-
ditions but without cellulase: only buffer solution (BPc) was
used in the first control assay and buffer solution with kaolin
(BPk) was used in the second.

Fig. 1 Dyeing procedure for
cotton knitted using a reactive - Dispersant
dye and 1:50 fabric-to-liquor - NaCl

. - Red dye
ratio

30% of soda ash

Dyeing procedure

After the biopolishing, the treated and untreated knitted
fabrics were dyed using a reactive red dye (Tiafix AF/B—
Aupicor Quimica). The procedure was performed using the
laboratory beaker dyeing apparatus (HT ALT-B, Mathis)
with a 1:50 fabric-to-liquor ratio following the procedure
represented in Fig. 1. At the beginning of the dyeing process,
the samples were added to a solution containing 1.5 g/L of
dispersant Ladiquest 2005, 0.6% (in relation to knitted fabric
sample weight) red dye Tiafix AF/B, and 80 g/L sodium
chloride. After 30 min, soda ash (sodium carbonate), at
6.7 g/L concentration, was added in two steps and the pro-
cess was carried out for another 60 min. At the end, the
dyeing bath was discarded and the samples were washed
according to the procedure described in Fig. 2. In the first
step of washing, 0.75 g/L of dispersant Verolan NVR and
water were used. In the last step, the water pH was adjusted
for 6.5 adding acetic acid. After washing, the samples were
dried at 60 °C for 2 h. The dyeing assays were performed
in duplicate.

Analysis
Mass variation

Mass variation of the samples was determined by the dif-
ference in mass of samples before and after biopolishing
according to Eq. 1. Before the analysis, the samples were
dried at 60 °C for 2 h and cooled in a desiccator. The average
mass variation was recorded by considering eight specimens
for each treatment:

70% of soda ash

Temperature (°C)

[ ——.
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Fig.2 Washing procedure after

dyeing process of cotton knitted - Dispersant
(1:50 fabric-to-liquor ratio) - Water
o
e
2
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Mass variation (%) = )X 100 (1)
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where W, is the weight of the knitted fabric sample before
biopolishing; W is the weight of the knitted fabric sample
after biopolishing.

Tensile strength

Tensile strength tests were performed according to the
adapted ABNT NBR ISO 13934 [29] standard using a tex-
turometer (TA.HD plus, Stable Micro Systems) with a load
cell of 50 N. The size of the specimens was 25 mm wide
and 100 mm long. The tensile strength of the samples was
calculated as the mean value of ten specimens from the warp
(machine) direction.

Whiteness index

The whiteness index of the samples was measured following
the ASTM E313-15 [30] standard using the spectrophotome-
ter (CM-3600a, Konica Minolta). Measurements were made
in three different regions of each specimen. The whiteness
index was recorded by considering six specimens for each
treatment.

Pilling resistance

Pilling resistance was evaluated according to ASTM
D4970 [31] standard (Standard for pilling tests) using a
Martindale procedure (3000 rubbing/cycles). The degree
of pilling was visually evaluated by comparing the sample

- Water

- Water - Water
- pH adjust to 6,5

Time (min)

with the photographic patterns and rated on a scale of 1-5,
with 1 indicating severe pilling and 5 indicating no pilling.

Surface morphology

The surface morphology of the treated and untreated knit-
ted fabric was analyzed using Scanning electron micro-
scope (SEM) (JSM-5919LV, JEOL). Prior to analysis, the
samples were coated with gold using a sputter coater.

Measurement of cellulase activity

Enzymatic activity of free and immobilized endoglucanase
was determined according to the methodology previously
described by Lima et al. [32] with some modifications. The
assays were carried out with 900 pL of 4% CMC solution
(prepared with 0.15 M citrate—phosphate buffer pH 5.0)
and 100 pL of cellulase solution at 50 °C for 30 min. At
the end, 1.5 mL of dinitrosalicylic acid (DNS) solution
was added to each sample to stop the hydrolysis reaction
and quantify the reducing sugars (DNS method [33]). The
samples were heated in a boiling water bath for 5 min and
cooled in an iced bath. Before absorbance measurements,
the samples were diluted and centrifuged at 3130xg for
3 min. The absorbance of the samples was measured at
540 nm using a UV-Vis spectrophotometer (Cirrus 80,
Femto) and it was converted to reducing sugars concentra-
tion through a calibration curve with glucose as standard.
All assays were carried in triplicate and mean values are
reported.
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Dyeing properties of treated knitted fabric

The color evaluation of the dyed knitted fabric was carried
out using a spectrophotometer (CM-3600a, Konica Minolta)
according to the CIE system (CIELAB). CIELAB system
relates visual color differences to colorimetric measurement.
It expresses color as three values: L*, a*, and b*. L* repre-
sents the color’s lightness and varies from O (perfect black)
to 100 (perfect white). The value of a* is a measure of the
red—green character of the color (a*, negative values indicate
green shades, while positive values indicate red). The value
of b* gives the yellow—blue character (b*, negative values
indicate blue shades and positive values indicate yellow)
[34]. From these three values, it is calculated the total color
difference between a sample and a reference (AE*). The
higher AE* value, the greater the color difference and, con-
sequently, the more perceptible the difference to the human
eye [35]. Each replicate was analyzed at four different points
and mean values were reported. The control sample BPc was
used as reference (standard).

Results and discussion
Biopolishing with free and immobilized cellulase

According to Table 1, the pilling resistance was improved
when the knitted fabric was treated with both free and
immobilized cellulases. The greater pilling resistance of
these samples can be attributed to the removal of protruding
microfibrils by the enzyme. It can be observed through SEM
images (Fig. 3), in which the control samples (BPc and BPk)
showed a higher number of microfibrils on the surface than
the samples treated with cellulase (BPe, BPads, and BPcov).

Samples treated with immobilized enzyme showed equal
or superior pilling resistance to the samples treated with free
cellulase, which suggests that immobilized cellulases may
promote adequate microfibrils removal. Thus, the next step

was to assess whether the immobilized cellulase was able to
improve the tensile strength.

As can be observed in Table 1, compared with the con-
trol sample (BPc), the samples treated with free cellulase
(BPe) showed about 36% reduction in tensile strength, while
the samples treated with immobilized cellulase, BPads,
and BPcov, showed about 20 and 12% reduction in tensile
strength, respectively. During the assays, some samples
treated with free cellulase showed some damages, such as
holes in the fabric, which was not noted for samples treated
with immobilized cellulase. These findings suggest the
treatments using free cellulase caused more damage in the
internal structure of the knitted fabric than treatments using
immobilized cellulase, which corroborate the hypothesis of
many researchers [17, 18, 20, 21].

Biopolishing also causes fabric weight loss, since the pro-
cess removes microfibrils from the surface of cotton fibers.
For Saravanan et al. [36], weight loss of about 1-2% appears
to be enough to obtain a remarkable reduction in pilling
tendency for knitted fabric. Commercially, weight loss of
3-6% is considered acceptable [21, 37, 38].

Also, according to Table 1, the samples treated with free
cellulase (BPe) showed a 2.5% weight loss, a value com-
mercially acceptable. In contrast, the samples BPk, BPads,
and BPcov showed an increase in weight. This result can be
attributed to the physical retention of kaolin particles in the
micropores or empty spaces between the microfibrils of the
cotton filaments [34], as can be observed in SEM images
(Fig. 3). From SEM images, kaolin particles can be seen
deposited on BPads, BPcov, and BPk samples, while no clay
particles were observed in the BPe and BPc samples.

When comparing the samples treated with immobilized
cellulase, it is observed that the BPcov sample showed a
higher mass increasing than the BPads sample. The greater
incorporation of kaolin particles observed in BPcov sample
may be also attributed to chemical reactions between kaolin
and cellulose, such as: (i) the condensation of silane groups
of APTES (introduced into the surface of kaolin to obtain the
covalent bonding with the cellulase) with hydroxyl groups

Table 1 Physical-mechanical

. Sample Mass variation (%) Maximum tensile Pilling resist-  Whiteness index
l;:;(i)gzritlésb ;)ifC greated cotton strength (N) ance
BPc -0.6+0.1 153+1.0 1.0 61+1
BPk +2.4+0.04 14.9+0.7 1.0 58+1
BPe -25+03 9.7+1.1 3.0 61+1
BPads-1st cycle +0.9+0.5 12.3+0.8 3.0 59+1
BPads-2nd cycle +12+04 14.3+0.9 3.0 60+1
BPads-3rd cycle +1.7+0.4 145+04 2.5 60+1
BPcov-1st cycle +4.5+0.3 13.5+0.9 4.0 39+2
BPcov-2nd cycle +49+04 13.6+0.6 3.0 41+2
BPcov-3rd cycle +43+04 139+1.1 35 41+2
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Fig.3 Scanning electron micro-
scope of a BPc. b BPk. ¢ BPe. d
BPads. e BPcov. The numbers 1
and 2 indicate the 30 and x1000
magnification, respectively

of cellulose [39-42]; (ii) the acetylation reaction between
the glutaraldehyde free aldehyde group (used to make the
APTES amino groups reactive to cellulase) and the cellulose
hydroxyl groups [43, 44].

According to the results, there were no significant differ-
ences in pilling resistance and tensile strength between BPk
and BPc samples, indicating that kaolin did not influence the
microfibrils removal and neither in mechanical properties of
knitted fabric.

Due to the incorporation of the kaolin particles observed
previously, the whiteness index was evaluated to verify the
possible interference of these particles in the mesh bright-
ness after biopolishing. According to the ASTM standard,
the whiteness index is a number, calculated from colorimet-
ric data, that express the degree of departure of an object
color in relation to a preferred white (a standard) [30]. An
adequate whiteness index is essential if high-quality white
goods are being produced, or if the goods will be dyed with
pale bright colors [34].

BPc, BPk, BPe, and BPads samples showed a similar
whiteness index (Table 1). However, the BPcov sample
showed a lower whiteness index, which indicates the yel-
lowness of the knitted fabric. These results suggest that only

1,000x 107m

30x 500 pm

% 1,000x 10 &m

functionalized kaolin particles had affected the whiteness of
the knitted fabric samples. This problem can be explained
by the color change (yellowing) of the kaolin particles after
the glutaraldehyde activation step that intensified after the
enzyme binding. The yellowish color of kaolin may be
attributed to the formation of Schiff bases between silane-
glutaraldehyde and glutaraldehyde-enzyme [45].

Reuse of immobilized cellulase

For biopolishing, cellulase immobilization is a strategy to
minimize the problems caused by free cellulase. However,
immobilization also allows the reuse of the enzyme, which
is very important, since it is associated with the economic
viability of the process. Immobilized enzymes have an addi-
tional cost over their free form due to the costs of the support
and immobilization process. Thus, the reuse of the enzyme
is very important to make the process with the immobilized
enzyme economically viable.

According to the results from Table 1, the reuse of immo-
bilized cellulase by adsorption and covalent bonding pro-
vided satisfactory results for pilling resistance and it did
not affect the tensile strength of the samples. The decrease
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in pilling resistance may be attributed to enzyme molecule
loss due to kaolin particles incorporation on knitted fabric.

Kumar et al. [24] also reported a decrease in the pill-
ing resistance of cotton fabrics when the immobilized cel-
lulase on the epoxy resin was reused. However, in the above
investigation, the enzyme reuse was the unique advantage
provided by the immobilization, since the tensile strength
of samples treated with free and immobilized cellulase was
similar. Therefore, this research is very important, because,
as far as we know, it is the first investigation that shows
that it is possible to minimize the loss of tensile strength of
fabrics and simultaneously promote the effective reuse of
the enzyme.

This research shows that the characteristics of the sub-
strate affect the reusability of immobilized enzymes. When
the immobilized cellulase by covalent bonding and adsorp-
tion was used in biopolishing process (where the substrate
is a piece of fabric, a solid substrate) about 84 and 80% of
their initial activity after the third cycle was retained, respec-
tively. In contrast, Lima [27] reported a superior activity
retained (around 86% after the eighth hydrolysis cycle) using
carboxymethylcellulose (CMC) as substrate. This difference
may be attributed to the fact that CMC is a soluble substrate,
which allows the immobilized enzyme to be recovered more
efficiently, and therefore, greater activity is retained.

Dyeing properties of treated knitted fabric

Due to the incorporation of kaolin particles in the fabric,
the samples were dyed to evaluate whether these particles
interfere with the color properties of the dyed fabric. The
presence of unwanted impurities can change the shade of a
dyed fabric or hinder the absorption of solutions of dyes and
chemicals causing uneven color. These problems are imme-
diately visible and usually lead to rejection of the goods
[34].

Table 2 shows the colorimetric coordinates of the dyed
samples after biopolishing. All samples showed a color

difference compared to the control sample (BPc). How-
ever, AE values less than 1.0 unit, as shown by the BPe
and BPads samples, are unnoticeable to the human eye and
it is an acceptable color match for the industries [34]. The
results suggest there was no influence of the kaolin on the
dyeing processes.

In contrast, the AE value presented by the BPcov sample
represents a color difference noticeable for an experienced
observer and may compromise the fabrics’ acceptability
[46]. Unexperienced observer notices color difference for
AFE values greater than 2.0 units [46]. The color difference
of BPcov sample may be explained by the whiteness change
observed for this sample. Therefore, the results suggest that
functionalized kaolin particles had influenced on whiteness
index and color dyeing properties of the knitted fabric.

Conclusions

Biopolishing is a technique that uses cellulase enzyme to
reduce the pilling resistance of cotton fabrics. However,
the use of free cellulase causes a significant reduction in
the tensile strength of the treated fabrics. To overcome this
problem, the current work proposed the use of immobilized
cellulase by adsorption and covalent bonding. The results
showed that the cotton fabric treated with the immobilized
cellulase showed greater tensile strength and similar or supe-
rior pilling resistance to those treated with the free cellulase.
Therefore, the above results suggest that immobilized cel-
lulase provided adequate removal of the microfibrils causing
less damage to knitted fabrics. Such findings may be attrib-
uted to the restriction of the hydrolysis of the immobilized
cellulase to the surface of the cotton fibers. In addition to
minimizing the damage of the knitted fabric, the immobi-
lization also allowed to recover and reuse of the enzyme
efficiently. The reuse is a significant feature, because it is
associated with the economic feasibility of the process with
immobilized enzymes. Immobilized cellulase on kaolin by

Table 2 Colorimetric

: N Sample L* b* AE*ab Color
coordinates of the dyed samples
after biopolishing BPc 57.1 +433 —-79 _
BPe 56.5+0.01 +43.7+0.5 —-79+0.1 0.8+0.3
BPads 57.3+0.1 +44.0+0.01 —-83+03 0.8+0.001 R
BPcov 58.8+1.0 +42.6+0.2 —-8.1+0.1 1.9+£1.0
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adsorption showed greater potential for application in the
biopolishing process, because it did not affect the whiteness
index, as well as the dyeing properties of the knitted fabric.
Moreover, immobilization by adsorption is simpler, cheaper,
and faster than immobilization by covalent bonding, since
it is unnecessary to functionalize and activate the support.
Finally, this paper is a relevant contribution to biopolishing
literature and to improve the process. Moreover, it showed
another perspective to enzymes immobilization. Unlike most
investigations that use immobilization intending to reduce
the cost of the enzyme, in biopolishing the main objective of
immobilization is to improve the quality of products.
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