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Abstract

In this study, the authors used an enzyme called papain sourced from the Carica Papaya to improve the comfort and
water-absorbing properties of a fabric made from a blend of polyester and cotton (65/35). The experiment was designed
using the Box Behnken method to determine the most important variable and the best levels of parameters. The focus
was on testing the wettability, moisture regain, and surface characteristics of the material. The results showed that all
the comfort properties of the fabric improved after treatment with papain enzyme. After testing different parameters,
the best conditions for treating the fabric with papain enzyme were determined to be a temperature of 30 °C, a papain
concentration of 14%, and a treatment time of 50 min. Under these optimized conditions, the moisture regain and wet-
tability of the polyester/cotton blend fabric treated with papain enzyme improved to 1.9+0.02% and 6 cm capillary
rise (measured with a 2-s drop test and 2-s sinking time) within just 3 min of wicking time. The Polyester/cotton blend
fabrics treated with papain enzyme exhibited several noteworthy characteristics, including a significantly reduced sus-
ceptibility to fabric pilling (4-5), a limited capacity to attract oily impurities, and a high oil-soil-release capability with a
stain removal index of 85%. Additionally, the fabrics showed a one-order-of-magnitude decrease in surface resistivity
under normal conditions, with a half-life decay time of 513 s. Observations of the treated fabrics revealed the presence of
cracks, grooves, nanostructures, and a high degree of roughness on the surfaces that were treated with papain enzyme.
To further evaluate the effects of the lipase enzyme treatment on the fabric properties, several tests were conducted,
including Fourier Trasform Infrared spectroscopy (FT-IR), Thermogravimetric Analysis (TGA), Differential scanning calo-
rimetry (DSC), Moisture Regain, Tensile Strength, Stain Repellency, pilling resistance, and Anti-static charge generation.
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1 Introduction

Polyester/cotton (P/C) blends make up a significant portion of the textile industry, accounting for 58.45% of the world’s mar-
ket share [1, 2]. Polyester/cotton (P/C) blend is a widely used fabric in various applications such as apparel, home furnishing,
and household products. This is primarily due to its desirable properties, including user-friendliness, functional performance,
aesthetic value, printability, and affordability. These characteristics are more challenging to achieve in either polyester (poly-
ethylene terephthalate) or cotton fabric alone, which is why P/C blend is a popular choice in the textile industry [2, 3]. The
presence of hydroxyl groups in the cellulose structure of cotton fibers enables them to provide wear comfort to the blend
fabric. These groups make the fibers hydrophilic, allowing for higher moisture absorption and wettability. On the other hand,
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polyester fibers contribute to the blend fabric by offering high thermal stability, good strength, dimensional stability, good
chemical resistance, and acceptable easy-care properties [4, 5.

Despite the excellent properties of P/C blend fabric mentioned earlier, the hydrophobic surface of its polyester por-
tion can negatively impact its comfort properties when used for apparel purposes. Specifically, the thermal comfort of
the blend fabric depends on its ability to transmit heat and moisture vapour and absorb body sweat. The hydrophobic
nature of polyester fibers can hinder these processes, making the fabric less comfortable to wear [6]. When wearing a
garment made from P/C blend fabric with a higher proportion of polyester, the fabric can trap perspiration between
the skin and the cloth due to the lower water vapour absorbability of polyester compared to cotton. This can result in
discomfort and irritation for the wearer [7, 8]. Therefore, surface modification of P/C blend fabric is necessary due to the
presence of polyester fibers.

To address the issue of the hydrophobic surface of P/C blend fabric, various surface modification techniques have
been employed to enhance its Hydrophilicity. These methods include alkaline hydrolysis [9], aminolysis [10], natural
biopolymer application [11], gas treatment [12], silanization [13], UV treatment [14], flame treatment [15], and tethering
molecules in bio-conjugation [16]. However, wet chemical processes for surface modification are non-specific, which
can change the bulk properties of the fabric, require large amounts of water and energy, and release hazardous effluent
into the environment [9, 17, 18]. Flame and UV treatment can also affect the optical properties of the polymer [19]. To
overcome these issues, papain enzyme surface modification is an ideal option.

Carica Papaya-derived papain enzymes are protein systems that are organic and fully biodegradable. They operate
via a four-step mechanism, starting with the attachment of the substrate to the active serine, which produces a tetrahe-
dral intermediate. Next, the alcohol molecule is released, leading to the formation of an acyl-enzyme complex [20, 21].
The papain enzyme derived from Carica Papaya exhibits a high reaction rate, can operate at low temperatures, has no
significant environmental impact, and causes minimal damage to the fibers [22].

There has been no recent research conducted on using papain enzymatic surface modification to improve the com-
fort qualities of P/C blend fabric. When P/C blend fabric is modified using papain enzyme, it leads to the formation of
hydroxyl and carboxyl groups on the surface of the polyester fibres. The presence of these hydrophilic groups (-OH,
-COOH) changes the surface’s character from hydrophobic to hydrophilic, offering an opportunity to modify various
undesirable characteristics of fibres and fabrics.

This study focused on investigating the impact of papain enzyme concentration, temperature, and reaction time on
the comfort properties of P/C blend fabric, specifically moisture regain, wickability, and weight loss. The experimental
design and data analysis were conducted using the Box Behnken design expert software approach. Additionally, surface
characterization techniques were utilized to study the surface morphology and chemistry of the blend fabric.

2 Materials and method
2.1 Materials

A fabric made of a blend of polyester and cotton in a ratio of 65:35, which has been partially bleached, was obtained from
EITEX textile chemistry laboratory. The fabric has a specification of 90 picks per inch, 152 ends perinch, and is a 2/1 twill
warp face. The warp count is 32tex, the weft count is 36tex, and it has a weight of 200 GSM. To activate papain enzymes,
sodium acetate (CH;COONa, 98% reagent grade) as a buffering agent; calcium chloride (CaCIZV Reagent grade, 99%); and
Sodium-Sulfite- Anhydrous 99% (Na,SO;) were used as buffering and activating agents. The chemicals were purchased
from Sachem chemicals plc. Addis Abeba, Ethiopia, and used without additional purification.

2.2 Methods

2.2.1 Papain enzyme surface modification

To carry out enzymatic processing on polyester/cotton blend materials, a solution containing 4 g per liter of calcium
chloride and sodium acetate buffer in a liquid ratio of 1:40 was utilized. The treatment involved applying papain enzyme

to the blend materials under specific conditions, including a pH of 7.5, a temperature range of 30-60 degrees Celsius,
papain concentration of 10-20% own weight of the fabric(o.w.f), and a treatment time of 50-70 min [23].
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The papain enzyme was applied to cotton/polyester blend fabrics using an Auto wash machine (BS-20, Jeio Tech) at
50 rpm. Following the treatment, the samples were thoroughly rinsed with water at a liquor ratio of 1:50 and air-dried.
The Box-Behnken design of experiment software was employed to conduct the papain enzyme surface modification
of the p/c blend in 17 separate runs.

2.2.2 Surface wettability test

The impact of the treatment on the fabric’s wettability was assessed by measuring its water absorption, capillary rise, and
sinking time. The AATCC standard test method 79-1992 was used to determine the water absorbency of the polyester/
cotton blend fabric, which involves measuring the time it takes for a drop of water placed on the fabric surface to be
absorbed [24].

The capillary rise method involved submerging one end of the fabric sample vertically into a water reservoir, allowing
water to be drawn into the sample through capillary action. After 5 min, the height the water had risen to within the
sample was measured as the "wicking height." To make the process visible, each specimen was cut into a 20 x 2 cm strip,
which was then hung lengthwise and submerged in water containing an acid dye [25].

To assess sinking time, each fabric sample was introduced carefully into a glass beaker filled with water, with each
piece tested separately. The time it took for the sample to reach the bottom of the beaker was recorded. In this case,
each specimen was cut to a standard size of 2.5 cm by 2.5 cm [23].

2.2.3 Measurement of moisture regain

The moisture regains of the surface-treated P/c blend fabrics were determined using the ASTM standard test method
2654, Prior to testing, the modified blended fabrics were conditioned for 24 h in a standard testing environment of 20 °C
and 65% relative humidity, as specified in Eq. 1

(%a)Ra + (%b)Rb
%a + %b

Regain (%) (1)

where: % a=proportion of fibre 'a} %; and %b = proportion of fibre 'b} %

2.2.4 Measurement of weight loss

To assess the impact of papain surface modification on the damage of p/c blend fabrics, weight loss analysis was
conducted. The weights of the samples before and after pre-treatment were measured using an electronic balance
(Sartorius-GD 503) to determine the percentage weight reduction of the treated fabrics. The samples were then dried
in a drying oven at 105 °C for 90 min and weighed in a closed weighing bottle after cooling. Equation 2 was utilized to
compute the percentage weight reduction.

(W1 — W2)

Weightloss% = % 100% (2)

where w1 and w2 are the dry weights of the fabrics before and after papain enzyme treatment, respectively,

2.3 Characterization of papain treated P/C blend fabric

2.3.1 Fourier Transform Infrared spectroscopy (FTIR) analysis

To assess the surface chemistries of control and enzymatically modified p/c blend fabrics, FTIR (Fourier Transform Infrared
Spectroscopy) was conducted using a Perkin EImer FTIR instrument, following ASTM 7575 test standard procedures. The

data was recorded in the 4000-400 cm”’ frequency band, with 20 scans used for each sample. A 500 ml lab beaker (Model
No. P230, 115-V) was utilized for all of the papain surface modification processes on the polyester fabric.
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2.3.2 Thermo Gravimetrical Analysis (TGA)

Thermal analysis was conducted using a TGA (Thermo gravimetric Analysis) system manufactured by Perkin Elmer to
compare the thermal stability of p/c blend fabrics before and after papain treatment (Model No. TGA4000). The meas-
urements were taken from ambient temperature to 500 °C at a heating rate of 20 °C/min in a nitrogen atmosphere.
The denaturation characteristics of the modified and control samples of polyester/cotton blends were examined
based on the results obtained from the TGA test.

2.3.3 Differential scanning calorimetry (DSC)

Crystallinity tests were conducted on a Perkin Elmer Pyris Series-DSC 7 using ordinary aluminum pans. The papain-treated
and control samples (10 mg for films and 20.70 mg for GPET) were subjected to heat at a rate of 20 °C/min from 0 to 300 °C.
The melt and cold crystallization peak regions of the first heating run were examined to calculate crystallinity using Eq. 3.

AHmM — AHc)

100%
AHOm 0% 3)

crystallinity =
where AHm, AHc, and AHOm are, the temperatures of melting, crystallization, and melting of 100% crystalline PET
(140.1 J/g) respectively.

2.3.4 Tensile strength measurement

To assess the tensile strength of papain-treated polyester/cotton blend fabric before and after treatment, the ASTM
D5034-textile grab method test was conducted using the Tensolab 100 (Mesdan Lab) apparatus. The test specimen
was clamped in the tensile testing apparatus, and a force was applied until the specimen broke. The breaking force
and elongation were recorded during the test.

2.3.5 Pilling resistance measurement

The susceptibility of unmodified and modified polyester/cotton blend fabrics to pilling was examined using the ICl pillbox
method. The fabric was wrapped around rubber tubes, with the face outermost, and placed inside rotating cork-lined
boxes for a set period of time. The resulting "pills" were then compared to photographic standards on a scale of 1 to 5,
where 5 indicated no pilling and 1 indicated severe pilling. Pilling was measured according to ASTM D4970 Method.

2.3.6 Electric properties—surface resistivity

The anti-static properties of both papain-treated and untreated polyester/cotton blend fabric samples in both warp
and weft directions were determined using a STATIC voltmeter R-1020 and resistance measurement according to
the ISO 18080-1:2015(en) standard test method. The fabric samples were charged up, and the elapsed time required
for discharging half of the charge present in the fabric samples was measured and expressed as half-life decay time.
The shorter the half-life decay time, the better the anti-static property of the fabric. The papain-treated polyester/
cotton blend fabric was conditioned at 65+ 2% relative humidity and 21+ 1 °C for at least 24 h prior to further testing.

2.3.7 Stain repellent finishes

To assess the oil removability of the fabric, a colour testing instrument (DATACOLOR 600) was utilized. The colour of
the fabric at the blank and oil-contaminated positions was measured using the colour testing instrument. The stain
removal index was calculated using Eq. 4.

A’;(before - A'fafter

STI % 100 )

A ’;‘ before
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Were A K/S is the difference between K/S values of the oil-contaminated position and the blank position of each
fabric.

3 Results and discussion
3.1 Optimization of lipase enzyme surface modification

In this study, the papain enzyme was utilized for the surface modification of polyester/cotton blend fabric, and various
parameters were considered during the process, including papain concentration, reaction time, and temperature, as
shown in Table 1. Calcium chloride was used as a catalyst to speed up the reaction and activate the papain enzyme.The
responses to weight loss and wettability were used to evaluate the degree of Hydrophilicity of the polyester/cotton blend
fabric by hydrolysing ester linkages. An experimental design was employed to investigate the relationship between the
independent variables (weight loss and wettability) and the dependent variables (lipase concentration, reaction time,
and temperature). The effects of temperature, reaction time, and papain concentration on weight loss and wettability
were analysed using Analysis of Variance (ANOVA).

Based on the results of analyzing all the factors (papain enzyme concentration, reaction time, and temperature) and
their corresponding P-values (<0.0001, 0.0005, and < 0.0001, respectively), which are all less than the significance level
of 0.05, it can be concluded that all the factors have a significant impact on the response variable of wettability.

Furthermore, the analysis revealed that there is no significant interaction effect between factors AB, AC, and BC. The
lack of fit test also yielded a P-value of 0.3544, which is greater than the significance level of 0.05. This indicates that the
model based on the wettability values can be considered a reliable predictor of the response variable. Overall, the results
suggest that the chosen model fits the data well, as depicted in Table 2.

According to Table 3, the P-values of 0.0003 and F-values of 21.70 indicate that the model terms are statistically
significant. This means that the factors of papain concentration (A), reaction time (B), and temperature (C) have a
significant and measurable impact on the response variable of weight loss. On the other hand, the interaction effects of
factors AB and BC were found to be non-significant, as evidenced by their P-values of 0.6772 and 0.5433, respectively,
which are both greater than the significance level of 0.05.

Table 1 Experimental design

for papain enzyme surface

modification A: papain B:reaction C:temperature (°C) Weight loss (%) Wettability
conc. (o.w.f) time (min)

o)

un Factor 1 Factor 2 Factor 3 Response 1 Response 2

Capillary  Drop Sinking

rise(cm)  test time(sec)
(sec)
1 10 70 45 0.058 6.3 3 4
2 10 50 45 0.007 49 5 2
3 10 60 30 0.0082 45 4 3
4 15 50 60 0.57 7.3 4 2
5 15 60 45 0.12 6.1 4 3
6 15 60 45 0.032 5.8 3 2
7 15 60 45 0.073 59 5 3
8 20 60 60 0.8 8.5 3 3
9 10 60 60 0.16 5.9 4 3
10 15 50 30 0.0073 5.3 4 2
11 15 60 45 0.21 6.4 3 3
12 15 70 60 0.78 8.1 3 2
13 20 50 45 0.4 6.5 4 3
14 20 60 30 0.05 6.1 4 3
15 20 70 45 0.55 7.6 3 2
16 15 70 30 0.15 6.5 4 3
17 15 60 45 0.023 59 5 3
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Tabl.eg ANOVA and fit . Source Sum of squares df Mean square F-value p-value
statistics table for wettability
Model 17.38 9 1.93 28.43 0.0001 Significant
A-papain conc 6.30 1 6.30 92.76 <0.0001
B-Reaction Time 253 1 253 37.26 0.0005
C-Temperature 6.85 1 6.85 100.77 <0.0001
AB 0.0225 1 0.0225 0.3312 0.5830
AC 0.2500 1 0.2500 3.68 0.0966
BC 0.0400 1 0.0400 0.5889 0.4680
A? 0.0632 1 0.0632 0.9302 0.3669
B? 0.7695 1 0.7695 11.33 0.0120
c 0.5232 1 0.5232 7.70 0.0275
Residual 0.4755 7 0.0679
Lack of fit 0.2475 3 0.0825 1.45 0.3544 Not significant
Pure error 0.2280 4 0.0570
Cor total 17.86 16
Std. Dev 0.2606 R? 0.9734
Mean 6.33 Adjusted R? 0.9391
CV.% 4.12 Predicted R? 0.7583
Adeq Precision 18.1345
Tab'?? ANOVA and fit Source Sum of Squares df Mean Square F-value p-value
statistics table for percent
weight loss Model 117 9  0.1303 21.70 0.0003 Significant
A-papain conc 0.3069 1 0.3069 51.09 0.0002
B-reaction time 0.0383 1 0.0383 6.38 0.0395
C-temperature 0.5484 1 0.5484 91.30 <0.0001
AB 0.0025 1 0.0025 0.4079 0.5433
AC 0.0895 1 0.0895 14.89 0.0062
BC 0.0011 1 0.0011 0.1885 0.6772
A? 0.0017 1 0.0017 0.2787 0.6139
B? 0.0852 1 0.0852 14.18 0.0070
C? 0.0861 1 0.0861 14.34 0.0068
Residual 0.0420 7 0.0060
Lack of fit 0.0186 3 0.0062 1.06 0.4591 Not significant
Pure error 0.0234 4 0.0059
Cor total 1.21 16
Std. Dev 0.0775 R? 0.9654
Mean 0.2352 Adjusted R? 0.9209
CV.% 32.95 Predicted R? 0.7247
Adeq Precision 15.3990

The analysis indicates that the interaction effects of papain concentration and reaction time, as well as reaction
time and temperature, on weight loss are not statistically significant. Additionally, the fit-value deficiency of 1.06
suggests that there is a 45% chance that the F-value deficiency is due to noise. However, despite this, the weight loss
values model can still be considered a reliable predictor of the response variable of percentage weight loss.

The general regression equation after eliminating insignificant factors is, Y=Bg+ X; + X, + X5 + X,? + X32,
Wettability = 6.02 + 0.8875 X, +0.5625 X, +0.9250 X5+ 0.4275 X,2 +0.3525 X3.2

The coefficient value for temperature is + 0.9250, which is higher than the coefficient values for both reaction

time and papain.
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Enzyme concentration, which are 0.8875 and 0.5625, respectively. This suggests that temperature has a stronger
positive relationship with the response variable than the other two factors. In other words, an increase in temperature
is more likely to result in an increase in the response variable (e.g., weight loss) than an increase in either reaction time
or papain enzyme concentration.

The regression equation for the model after eliminating insignificant factors is, Y =Bg + X; + X5 + X5+ X; X3+ X,2 +X;2,
Weight loss =0.0916 +0.1959X, +0.0692X, + 0.2618 X5 +0.1496X; X5 +0.1422 X, +0.1430X,*

According to the analysis, temperature has a higher coefficient value of + 0.2618 compared to the coefficient values
of papain enzyme concentration and reaction time, which are 0.1959 and 0.0692, respectively. This indicates that
temperature has a stronger positive effect on the response variable compared to the other two independent variables.
In other words, an increase in temperature is more likely to result in an increase in the response variable (e.g. product
yield) than an increase in either lipase enzyme concentration or reaction time.

3.1.1 Effects of papain concentration on weight loss

Based on the data presented in Fig. 1a, it appears that increasing the concentration of papain enzyme leads to an increase
in weight loss. Further analysis indicates that this is due to an increase in the extent of hydrolysing ester linkage, resulting
in a higher percentage of weight loss. The maximum weight reduction of 0.8 was achieved when the papain concentra-
tion was increased from 10 to 20%. This increase in weight loss can be attributed to the formation of an obvious ridge
and uneven rough trench structure, as well as the removal of low molecular weight segments and short chains from
the fibres. This results in an increase in the contact areas between the fibre and papain enzyme, ultimately leading to an
improvement in the adhesive property [26, 27].

3.1.2 Effects of papain concentration on wettability

Water drop absorbency, sinking time, and capillary rise methods were used to measure the wettability of the fabric.
According to the results presented in Fig. 1b, increasing the concentration of papain enzyme leads to an increase in the
fabric’s water absorbency capacity. This is because hydrolysis creates pits, voids, or an increase in surface porosity on the
hydrolysed fabric, enabling it to absorb more water. As shown in Table 1, the highest capillary rise of 8.5 cm was achieved
when the amount of lipase enzyme was increased from 10 to 20%. Hydrolysis has the potential to produce hydrophilic
groups such as -OH and ~COOH, which are responsible for the increase in wettability of the fabric [28].

.
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Fig. 1 papain concentration Vs a weight loss b wettability
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Fig.2 Reaction time Vs a weight loss b wettability

3.1.3 Effects of reaction time on weight loss

The weight loss value of the papain enzymatic modified material is highly influenced by the reaction time. Figure 2a
shows the relationship between reaction time and weight loss, indicating that as the reaction time increases, the per-
centage of weight loss also increases. The maximum weight loss of 0.8 percent was achieved when the reaction time was
increased from 50 to 70 min. This increase can be attributed to the higher release of degradation products, short chains,
and low molecular segments that occur as the reaction time increases.

3.1.4 Effects of Reaction Time on Wettability

Figure 2b illustrates the impact of reaction time on the wettability of polyester and cotton fabrics in the 50 -70 min range.
The results show that the maximum capillary rise of 8.5 cm was achieved when the reaction time was increased from
50 to 70 min. This is due to the increase in nucleophile attack to the nucleoside of the carbonyl atom along the fabric
chain. As the treatment period was increased to 70 min, the sinking time and water absorption time decreased rapidly.

welght loss(% )
wettabllity(cm)

-
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"fe 30 10
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Fig.3 Temperature Vs a weight loss b wettability
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3.1.5 Effects of temperature on weight loss

Figure 3aiillustrates the weight loss of polyester/cotton blend materials treated with papain at different temperatures. The
papain enzyme was applied to the fabric at temperatures ranging from 30 to 60 °C. The weight loss was approximately
four times higher under the 60 °C treatment compared to the 30 °C treatment. This increase in weight loss is attributed
to the papain enzyme’s ability to hydrolyse the ester linkages in the fabric, which results in an increase in the amount of
carboxylic groups [29]. However, it is important to note that the hydrolytic activity of papain decreases at temperatures
above 60 °C due to its temperature sensitivity.

3.1.6 Effect of temperature on wettability

Figure 3b demonstrates the impact of temperature on the wettability of polyester/cotton blend fabrics treated with
papain. The highest wettability value was observed in PET fabrics at 60 °C. In addition, the sinking time and water
absorption time decreased as the temperature increased to 60 °C. The enhancement in wettability of the polyester/cotton
blend fabrics after papain treatment is attributed to the hydrolytic activity of the papain enzyme [30].

3.1.7 Fourier Transform Infrared Spectroscopy (FTIR) analysis

The presence of strengthened absorption peaks indicates that the polyester/cotton blend fabrics were modified with
additional oxygen and polar groups were added to the fabric surface. Figure 4 illustrates the FT-IR spectra of both
untreated and papain-treated P/C blend fabrics. The spectra of both fabrics exhibit absorption peaks at 3346, 2927,
2854, 1708, 1337, 1244, 1107, 1057, and 724 cm™'. However, these absorption peaks were stronger in the papain-
treated fabric compared to the untreated sample. The peak at 3346 cm™ corresponds to O-H stretching, which indi-
cates a broad and strong absorption and the stretching vibration of aliphatic O-H connected to the glycosidic ring.
The peak at 2854 cm™ can be assigned to the O-H stretching, which is a very broad signal. The peak at 2109 cm™ is
attributed to the O-C = O stretching vibration of -COOH. The peaks at 1708, 1337, and 1244 cm' correspond to the
coupling frequency of -C-O- and O-H. The peak at 1057 cm™' can be assigned to the C-O trans-vibration, while the
peak at 724 cm-1 represents the C-H (CH2) out-of-plane bending vibration (Fig. 5).
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Fig. 6 DSC curve of papain
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Table 4, Regression . Wettability (dependent variable)
coefficients of papain enzyme
for wettability Coefficients Notations
+6.02 Coded Bo Intercept of wettability
+0.8875 *A X1 Papain concentration (Independent variable)
+0.5625 *B X2 Reaction time(Independent variable)
+0.9250 C X3 Temperature(Independent variable)
—-0.0750 AB X1X2 Interaction effects of papain concentration and time
+0.2500 AC X1X3 Interaction effects of papain concentration and temperature
—-0.1000 BC X2X3 Interaction effects of time and temperature
-0.1225 A? X12 Second ordinary interaction of factor A
+0.4275 B? X2? Second ordinary interaction of factor B
+0.3525 c X32 Second ordinary interaction of factor C

3.1.8 Thermo Gravimetrical Analysis (TGA)

The thermogravimetric analysis of papain-treated polyester/cotton blend fabric before and after treatment was com-
parable to the lipase-treated sample, as shown in Fig. 4.15. This analysis involved monitoring the mass of a substance
as a function of temperature, and the resulting curves were divided into three sections. In the temperature range of
100-150 °C, there was no significant thermal decomposition observed. A minor thermal decomposition appeared in
the range of 250-300 °C. The major decompositions for both control and treated samples were found in the range of
310-510 °C and 326-530 °C, respectively. The maximum thermal decomposition for the control and lipase-treated
polyester/cotton blend fabrics was 615 °C and 618.32 °C, respectively .

3.1.9 Differential Scanning Calorimetry analysis (DSC)

Figure 6 illustrates the thermal curves of the papain-treated and control samples. This analysis is based on the distinct
values of the heats of fusion for crystalline and non-crystalline forms of the polymer. The degree of crystallinity of the
lipase-treated polyester/cotton blend fabric was determined by integrating the peak area of a differential scanning
calorimetry curve. The results show that the heat of fusion and glass transition temperature decreased due to papain
enzyme treatment. The heat of fusion and TGA (thermogravimetric) analysis are proportional to the % crystallinity of
the fabric. The percent crystallinity of the papain-treated sample is approximately 32%. The heat of fusion decreases
after treatment of the fabric with papain enzyme, indicating a loss of the compact structure of the polyester/cotton
blend fabric (Table 4).
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Fig. 7 Moisture regain of 2 msample 1
controlled and treated p/c 18 —
blend fabric £16
i:’. i: w sample 3
0
S 08
% 06 —
£ 04
0.2
0 A
papain treated p/c blend untreated p/c blend
Table 5 Tensile strength of sample Tensile strength warp [N] Tensile strength weft [N] Weight loss (%)
papain treated sample
Treated 781 730 0.06
Untreated 784 732 Original weight
Table.6 Stain repellency of Sample AK/S before AK/S after SRI (%) Wettability
papain treated sample (cm)
Untreated sample 4.5962 0.972 78 3.2
Papain treated sample 4.7841 0.7253 85 5
Fig.8 Untreated p/c blend : After washing | Beforewashing After washing
fabric (a) Vs Papain Enzyme

treated fabric (b)

(b)

3.2 Moisture regain of modified P/C blend

The moisture regains of papain enzyme treated and controlled p/c blend samples were determined by Eq. 2 [31].
Figure 7 demonstrates that the moisture regain was the highest (1.9 £0.02%) with the optimized values of lipase
concentration of 14%, a reaction time of 50 min, and temperature of 30 °C, which is almost a 2.25-fold improvement
over that of untreated p/c blend fabrics. This is owing to the likelihood that hydrolysis may result in the development
of hydrophilic groups like the formation of hydrophilic groups like -COOH and OH on the surface of the lipase-treated
fabric, which would enhance wettability, moisture regain, and comfort properties [32].

3.2.1 Tensile strength of the papain-treated sample

As shown in Table 5, the tensile strength of papain treated polyester/cotton blend fabrics is almost similar to the
untreated fabric due to low weight loss.

3.2.2 Stain repellency

According to Table 6, the papain enzyme treatment of polyester/cotton blend fabric resulted in an increase in oil

removability from 78 to 85%. This improvement is attributed to the enhanced hydrophilicity of the fabric caused
by the papain treatment, which could weaken the hydrophobic interactions between fibres and stains and greatly
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Table 7 Pilling resistance of

, Type of fiber modification Susceptibility
papain treated sample to pilling
Untreated sample 3-4
Papain treated sample 4-5
Table48 Half-life decay time of Sample Half-life decay time (s) Wettability
papain treated sample (cm)
Untreated sample Warp Weft 3.2
1480 1476
Papain treated sample 513 509 6

improve the fabric’s stain removability. The increased hydrophilicity also led to a lower affinity of oil to the fabric
surface, making it easier to remove oily stains as shown in Fig. 8.

3.2.3 Susceptibility to pilling

Table 7 shows that the papain enzyme treatment was effective in improving the pilling resistance property of polyester/
cotton blend fabric, resulting in a significant reduction in the fabric’s susceptibility to pilling (degree 4-5). This
improvement is attributed to the removal of short chains and low molecular weight segments from the surface of the
papain-treated fabric.

3.2.4 Anti-Static property

According to Table 8, the optimized papain-treated polyester/cotton blend fabric showed a significant improvement in
half-life decay time, which is expressed in seconds. Specifically, the half-life decay time was reduced from 1480 to 513 s
after the papain enzyme treatment. This improvement is attributed to the increased wettability of the fabric, which in
turn improved its anti-static property.

The improved wettability of the papain-treated polyester/cotton blend fabric has the effect of dissipating localized
static charges more easily, resulting in a better anti-static property for the fabric. This is because the increase in wettability
reduces the half-life decay time, thereby improving the fabric’s ability to resist static charges.

4 Conclusion

This study focused on investigating how surface modification with papain enzyme affects the comfort properties of
polyester/cotton blend fabric. The optimization of the papain enzyme surface modification process was carried out using
the Box Behnken design method, analyzing the weight loss, moisture regain, and wettability of the treated fabrics under
different treatment conditions, such as enzyme concentration, treatment time, and temperature. The experimental results
showed that the optimal conditions for the papain enzyme surface modification process were an enzyme concentration
of 14%, a reaction time of 50 min, and a temperature of 30 °C, resulting in a weight loss of 0.6% and a wettability of
6 cm (2 s. drop test, 2 s. sinking time). Under these conditions, the moisture regain of the papain-treated fabric was 2.25
times better than that of untreated polyester/cotton blend fabric. The papain -treated fabric also exhibited a reduced
susceptibility to pilling (4-5), decreased ability to retain oily impurities, high oil-soil-release capability (stain removal
index of 85), and reduced surface resistivity under normal conditions (513 s of half-life decay time). The papain enzyme
treatment significantly improved the comfort properties of the polyester/cotton blend fabric, with the treated fabric
surface showing many cracks and voids compared to the untreated fabric surface. These cracks and voids enhanced
the wettability and moisture recapture of the papain-treated fabric, but had little impact on the fabric’s handling and
tensile strength due to the negligible weight loss. This surface modification method has significant potential for industrial
application as it is relatively safe, environmentally friendly, and requires less energy, water, and time.
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