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ABSTRACT: Cotton fabric was successfully modified using a simple mist polymerization with polyurethane (PU) prepolymer and eth-
ylene glycol as the monomers. Scanning electron microscope showed the presence of a very thin polymer coating on the cotton fiber
surface. Martindale abrasion tests revealed that the thin PU coating imparted to the cotton fabric a doubled wearing durability com-
pared with the original fabric. Additional experiments demonstrated that the mist polymerization has little impact on the desired cot-
ton properties such as water absorptivity, vapor transmissibility, mechanical property, and flexibility. Considering the excellent
balance between the enhanced abrasion resistance and the cotton natures, this surface modification methodology has potential to fab-

ricate wearing durable textiles. © 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43024.
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INTRODUCTION

In recent years, many attempts have been made to endow cot-
ton fabric with new functionalities, including antimicrobial
activity,'™ superhydrophobicity,"'® and abrasion resistance.''™"?
Various techniques, such as dip coating,'* solution immer-
sion,"™!'® sol-gel coating,'’° spray deposition,”™** chemical
vapor deposition,”*> and graft polymerization®*® have been
tried to modify cotton surface. Because cotton fibers are gener-
ally soft and sensitive to abrasive forces, the improvement of
wearing durability is of particular importance in clothing indus-
try. The common way to increase the abrasion resistance of cot-
ton textiles is the application of protective coatings on the
cotton fiber surface. For example, Rosace et al”>® prepared
abrasion-resistant cotton fabrics by depositing organosilicon
compounds via low pressure plasma chemical vapor deposition
technique, and demonstrated a remarkable improvement on the
abrasion resistance of the fabric. Brzezinski et al.'>' reported a
sol-gel method to coat SiO,/Al,O; xerogel on fiber surface, and
verified the excellent effect on improving wear performance of
cotton or polyester/cotton blending fabrics. Zhou et al.*® found
that the combination of poly(vinyl alcohol) and the cross-linker
of 1,2,3,4-butanetetracarboxylic acid can significantly improve
the abrasion resistance of cotton fabric. However, these
approaches have serious limitations for practical applications in
textile industry. The drawbacks include large dosage of chemi-

cals, increased cost, difficulty in large scale production, deterio-
ration in hygienic and aesthetic properties of cotton, and
environmental concerns. These disadvantages motivate research-
ers to explore new protective materials and surface modification
technologies for the textile finishing.

31,32
to

We recently developed a “mist polymerization” technique
modify solid substrate surfaces. Because the monomer feeding in
this process is a mist stream atomized from a monomer solution,
the thickness and the surface morphology of the resulting poly-
mer layer are tunable by varying the polymerization factors like
monomer concentration, solvent and mist feeding time. Addi-
tionally, this methodology for surface modification has the
important practical advantages over conventional methods that it
works with a wider range of monomers and substrates and con-
sumes smaller quantity of monomer during the finishing process.

Based on the understanding that PU coatings are generally safe
to human body” and have excellent wearing durability,*** the
combination of the mist polymerization technique and PU
polymers is researched. The abrasion-resistant coatings in pres-
ent work are synthesized by successively feeding the mist
streams atomized from the PU prepolymer and EG solutions in
acetone to the cotton fabric surface, and heating at 60°C for
2 h. The resulting fabric samples are tested using a variety of
characterization techniques, including field emission scanning

Additional Supporting Information may be found in the online version of this article.
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Table I. Viscosity and Theoretical X,, of the PrePUs

PrePU TDI/EG (mol/mol) Viscosity (mL/g) Xn
PrePU 1 2:1 1.19+0.13 3
PrePU 2 1.5:11 1.35+0.17 5
PrePU 3 1.25:1 1.54+012 )
PrePU 4 1151 1.76 £0.15 14

electron microscope (FE-SEM), Fourier transform infrared
(FTIR) spectra, Martindale abrasion tests, water contact angle
(WCA), tensile strength tests, water absorption tests, and vapor
transmission tests. The experimental results show that the PU
layers provide cotton fabrics with excellent abrasion resistance
and hydrophobicity. Additionally, there are no significant dam-
ages on the cotton natures during the chemical treatment.

EXPERIMENTAL

Materials

The cotton fabrics were purchased from a local fabric store (60
ends/cm, 30 picks/cm, 0.42 mm thickness, 120 g/m2 weight,
35.2 m®/g specific surface area). Before chemical modifications,
the cotton samples (50 mm X 50 mm) were cleaned by ultra-
sonic washing in ethanol (30 min X 2 times) and deionized
water (30 min X 2 times). Toluene diisocyanate (TDI), ethylene
glycol (EG), and other chemicals were purchased from Shanghai
Crystal Pure Industrial Co., Ltd (China) and used without fur-
ther purification.

Synthesis of Polyurethane Prepolymer

The polyurethane prepolymer (PrePUs) were synthesized via the
reaction of TDI and EG in acetone (Supporting Information
Scheme 1). For example, EG (0.62 g, 10.0 mmol) and TDI
(2.18 g, 20.0 mmol) were mixed in 40 mL acetone, heated with
stirring to reflux for 4 h, and cooled to 25°C to obtain the
PrePU 1 in acetone solution. The resulting PrePU solutions
were directly utilized to the next mist polymerization procedure.
The number-average degree of polymerization (X)) of the PU
prepolymers were controlled by adjusting the mole ratio of
TDI/EG (Table I). Viscosity values of the PrePU solutions were
measured by a Ubbelohde viscometer (JC522-1835, @ =0.5—
0.6 mm).

Mist Polymerization Procedure

The general mist polymerization procedure has two steps as
shown in Supporting Information Scheme 2. First, a PrePU
solution was atomized using an air compression-type atomizer
(DH-MO01, China), fed (0.36 mL/min) to a cotton sample
(50 mm X 50 mm) for 3 min, and dried at 60°C for 2 h. Sec-
ond, a EG solution (0.25 mol/L) in acetone was atomized, fed
(0.24 mL/min) to the resulting cotton sample for 2 min, and
dried at 60°C for another 2 h.

Solution Immersion Method

The pristine cotton fabric was immersed into a PrePU 3 solu-
tion (70 g/L) in acetone for 3 min, taken out to hang on a clo-
theshorse at 25°C for 10 min and dried at 60°C for 2 h. The
resulting fabric was immersed into a EG solution (0.25 mol/L)
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in acetone for 2 min, taken out to hang on a clotheshorse at
25°C for 10 min, and dried under 60°C for another 2 h.

Characterizations

FTIR spectra were collected from a Nicolet Fourier Transform
spectrophotometer (AVATAR 5700, US) with an attenuated total
reflection (ATR) accessory. Surface morphology was investigated
by a field emission scanning electron microscope (FE-SEM,
JSM-6700F, Japan) after gold coating (approximately 10-nm
thickness). Static contact angles were measured using deionized
water droplets (4 uL) with a Kruss contact angle instrument
(DSA 100, Germany) at 25°C. Average contact angle values were
obtained by measuring three different positions on the same
sample. Abrasion tests were performed using a Martindale abra-
sion instrument (HZ-8029A, China) according to DIN EN ISO
12947-3. Water absorption ability was measured basing on the
weight increment of the cotton sample after soaking in plenty
of deionized water for 10 min and hanging out for another
10 min. Water absorption rate is expressed as the weight ratio
of adsorbed water to the cotton sample. Water vapor permeabil-
ity was evaluated using ASTM E-96 (open cup test) method.
The test fabric sample was placed tightly over a shallow dish
distilled water. The weight loss of the test assembly over 24 h
was measured and the vapor transmission rate (g/m*/day) was
calculated as the water vapor permeability. All tests were per-
formed at 20°C and 50% RH. Tensile strength tests were carried
out on an electronic fabric tensile tester (YG065, China). The
fabrics (rectangle shape, 200 mm X 50 mm) were stretched at a
constant rate of 20 cm/min. Flexibility was determined by the
flat loop method (IS 7016 Part''). Fabric samples were cut from
warp and weft directions (160 mm X 40 mm). A loop was
made and was placed on a horizontal plane. The height of the
loop was measured as an idea of the flexibility of the fabric.
The lower the height of the loop, the greater is the flexibility.
The laundering test was performed according to our previous
work.®>" The cotton fabrics (50 mm X 50 mm) were washed by
an aqueous solution of sodium dodecanesulphonate (2.0%, w/
w) in a beaker (500 mL) with stirring (300 rpm, magnetic stir-
rer, 9 mm X 25 mm) at 25°C for 10 min, rinsed with deionized
water (25°C, 50 mL X 2 times), and dried at 60°C. The laun-
dering fabric sample was subjected to the abrasion test after
each washing cycle.

RESULTS AND DISCUSSION

Protection Effect of the PU Coating Against Abrasion

PrePUs were synthesized by the reaction of TDI and EG in ace-
tone (Supporting Information Scheme 1). X, is calculated from
the stoichiometric ratio, TDI/EG, basing on the Carothers rela-
tionship. As shown in Table I, the viscosity values of the PrePU
solutions decrease with the increase of TDI/EG molar ratio. The
decrease in viscosity is attributable to the decline of the theoret-
ical X,, value. When the PrePUs were used to the mist polymer-
ization, as shown in Table II, remarkable improvements on
abrasion resistance are observed by comparing with the pristine
cotton fabric. The PU coatings give the cotton fabric an effective
protection against the abrasive motion exceeding 2.30 X 10*
cycles in Martindale test, while the unmodified cotton fabric
withstands not more than 1.30 X 10* cycles. The mole ratio of
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Table II. Wearing Durability of the Modified Cotton Fabrics

WILEYONLINELIBRARY.COM/APP

Temperature Abrasion
Fabric Mist solution | I (C) cycles (10%)
MM1 PrePU1 EG® 60 2.39+0.25
MM2 PrePU2 EG 60 2.56 +0.34
MM3 PrePU3 EG 60 2.63+0.22
MM4 PrePU4 EG 60 2.69+0.32
MM5 PrePU3 EG 0 1.32+0.23
MM6 PrePU3 - 60 1.98+0.18
MM7 - EG 60 1.25+0.13
SM PrePU3 EG 60 3.09+0.39
Cotton - - 60 1.26+0.19

20.25 mol/L EG in acetone.

TDI/EG, i.e., the theoretical X,, has not a significant effect on
the wearing durability, as the abrasion cycle numbers of the
modified cotton fabrics fluctuate within a very tiny range
(about #1500 cycles). However, the cotton fabric modified
using the solution immersion method (SM), which can be taken
as an extreme finishing method regardless of damage on cotton
natures, exhibits a maximum of 3.09 X 10* cycles. The thick-
ness of the PU coating is an important factor for the wearing
durability. It is theoretically correlative to the mist feeding time,
i.e.,, the quantities of the reactants (PrePU or EG). Therefore,
the dependencies of the wearing cycle numbers on the mist
feeding times of the reactants, PrePU and EG, are investigated.
As shown in Figure 1(a) with the fixed EG feeding times, the
cycle numbers sharply increase with increasing mist feeding
time of the PrePU solution to 60 s, then gradually increase until
250 s. However, the effect of the EG feeding dosage on the
wearing durability is different. Figure 1(b) with the fixed PrePU
feeding times shows that the wearing cycle numbers gradually
increase with increasing EG feeding time at first, but tend to be
almost constant when the feeding time was over than 120 s.
The highest wearing cycle numbers for the three fixed PrePU
dosages are 2.41 X 10% 2.62 X 10% and 2.76 X 10% respec-
tively. Besides, Figure 1 also suggests another difference that

3 min
2min
1 min

fixed EG feeding

Abrasion cycles (103)

T T

0 50 100 150 200 250
Mist feeding time of PrePU (s)
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excessive TDI groups are helpful to enhance the wearing dura-
bility but exceeded EG not. Additional experiments were done
to demonstrate the hypothesis. As shown in Table II, the
absence of heat (MM5) or TDI (MM?7) leads to no obvious
change on the wearing cycle number, whereas the absence of
EG (MMS6) still results in a little increase. These results are pre-
sumably due to the cross-linking reactions of the isocyanate
groups with the hydroxyl groups in cellulose chains or with
themselves.*

Figure 2 shows the ATR-IR spectra of the pristine cotton fabric
[Figure 2(a)], the mist modified fabric [MM3, Figure 2(b)], and
the modified fabric after a abrasion test [Figure 2(c)]. By com-
paring with the original fabric sample, the modified fabric
MM3 exhibits two characteristic peaks at 1709 cm '
1540 cm™', which are contributed to the covalent bonds of
C=0 and C-N, respectively. However, the characteristic peaks
cannot be found from the ATR-IR spectrum [Figure 2(c)] of
the modified fabric after the abrasion test (1.50 X 10* cycles).
These IR spectra suggest the formation and the destruction of
the PU coating on the cotton fiber surface.

and

The surface morphology changes after the mist polymerization
were investigated by FE-SEM. From the low-magnification
images, no significant difference can be observed between the
original fabric [Figure 3(a)] and the modified fabric MM3
[Figure 3(b)]. In Contrast, few particles are found on the modi-
fied surface prepared using the solution immersion method
[Figure 3(c)]. The high-magnification SEM images reveal that
the original cotton fibers have smooth surfaces [Figure 3(d)],
but the surfaces of the modified fibers are rough [Figure 3(e,f)].
The statistic average diameters of the fibers were calculated
from the low-magnification SEM images. They are 14.5 = 1.5,
149=* 1.2, and 17.6 = 1.8 um for the pristine fibers, the mist
polymerization modified fibers, and the fibers modified using
the solution immersion method, respectively. These data indi-
cate that the mist polymerization results in a very thin polymer
layer (about 0.4 um) on cotton fiber surface, while the solution
immersion method produces a relatively thick coating (about
2.1 um). This is agreeable with the high wearing durability of
the fabric fully modified using the solution immersion method.

28+

26

24+

2 min
fixed PrePU feeding
22

20

Abrasion cycles (103)

T

0 50 100 150 200 250
Mist feeding time of EG (s)

Figure 1. Effects of mist feeding time of (a) PrePU and (b) EG on the wearing durability. The modification condition: PrePU 3 (70 g/L), EG (0.25 mol/L).
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 2. ATR-IR spectra of (a) the original cotton fabric, (b) the modi-
fied fabric MM3, and (c) its weared sample underwent 1.50 X 10* abra-
sion cycles. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

For a finishing process in practical applications, damages on
cotton natures should be concerned. To investigate the mecha-
nism of the abrasion damages, FE-SEM, ATR-IR, and WCA
were employed to analyze the changes in morphology and the
composition of the surface. Figure 4 shows the SEM images of
the modified cotton fabrics subjected to Martindale abrasion
test for various rotation cycles. After 1.50 X 10* abrasion cycles,
the PU layer seems to be peeled off from the fiber surface. This
suggests that the fragments on the fiber surface shown in Figure
4(b,c) are caused by the damage of the PU coating. The fiber
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damages shown in Figure 4(e,(f) are agreeable with previous
work,”” which demonstrated that the fiber damage by abrasion
has a harm sequence of deformation and rupture. This hypothe-
sis obtained further evidences based on WCA measurements
and ATR-IR spectra. As shown in Figure 5, the WCA sharply
drops to zero, (the WCA of the original cotton fabric is zero)
after about 1.40 X 10* abrasive cycles. Because the high WCA is
contributed to the PU coating, the rapid change in WCA means
that the PU layer was completely peeled off from the fiber sur-
face, and replaced by the hydrophilic cellulose. As mentioned
above [Figure 2(c)], the disappeared after 1.50 X 10* abrasive
cycles, indicating again that the main chemical component in
the fiber surface was changed to cellulose from the PU polymer.
Basing on these experiments, it is proposed that the abrasion
damage mechanism consists of two steps, peeling of the PU
coating and scathe of the cotton fiber. The thin PU coating pro-
vides strong protection against abrasion, resulting in the
doubled wearing durability of the modified cotton fabric in
Martindale abrasion test.

Controllable Damages on the Desired Properties of Cotton
Fabric

To evaluate the damages accompanied with the mist polymer-
ization, we examined some important properties of original cot-
ton fabrics, including water absorptivity, vapor transmissibility,
mechanical properties, and flexibility. As shown in Table III, the
original cotton fabric absorbs more than 245% water in weight,
while the mist modified cotton fabrics show a medium-level
water absorptivity ranging from 230 to 190%. In contrast, the
fabric modified by the solution immersion method absorbs less
than 135% water in weight. Similarly, the mist polymerization
process slightly affects the vapor transmission rate of the modi-
fied cotton fabrics. The mist modified fabrics show vapor

Figure 3. Low magnification SEM images (a—c) and high magnification SEM images (d—f) of the original cotton fabric (a and d), the modified fabric

MM3 (b and e), and the modified fabric SM (c and f), respectively.
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Figure 4. SEM images of (a) the modified fabric MM3 and its weared samples underwent (b) 0.50 X 10% (c) 1.00 X 10% (d) 1.50 X 10% (e) 2.00 X

10%, and (f) 2.50 X 10* abrasion cycles.

transmission rates more than 1320 g/m*/day, the decrease is less
than 12% by comparing with the unmodified cotton fabric. In
contrast, the solution immersion method makes a significant
loss about 44% (Table III, SM). In the tensile tests, the mist
polymerization induces about 3% decrease (Table III, MM3)
when compared with the original cotton fabric, indicating that
the mechanical damage is quite small. The optic images (Figure
6) show that the loop height of the original cotton fabric [Fig-
ure 6(a)] was 11.5 mm, while the modified fabric MM3 was
12.0 mm. This result means that the flexibility of the mist
modified fabric is still good enough. Figure 6(c) shows the
water droplets (0.1 mL, stained with blue ink) placed on the
modified cotton surfaces. When the water droplet was placed
on the unmodified cotton surface, it completely disappeared

150 -
o
-9 — il
120 ®-e
~ 904
[o]
-« i
éﬁ 60
30
0- 0-0-0-0—-0-0—0
0 5 10 15 20 25

Abrasion cycles (103)

Figure 5. The WCA of the modified fabric MM3 underwent various abra-
sion cycles. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]
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Table III. The Important Natures of the Modified Cotton Fabrics

Water Vapor Tensile
absorptivity transmissibility strength
Fabric (%) (10® g/m?/d) (N)
MM1 232+12 1.45+0.30 =
MM2 22014 1.42+0.50 -
MM3 206 +11 1.37+0.50 602=9
MM4 192+16 1.32+0.50 -
SM 134 +15 0.85+0.60 =
Cotton 24612 1.51+0.50 619=6

and left only a water mark. However, the water droplets on the
modified cotton surface kept the spherical shape for a long time
(about 20 min). These results demonstrate that the mist
polymerization does not affect the opposite face of the modified
surface, but results in an asymmetric wettability on the modi-
fied side. Figure 7 shows the laundering durability of the

Figure 6. Flexibility of (a) the pristine cotton fabric and (b) the MM3
fabric, and (c) the asymmetric wettability of the MM3 fabric. [Color fig-
ure can be viewed in the online issue, which is available at wileyonlineli-

brary.com.]
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modified cotton fabric (MM3) with comparison to the pristine
cotton fabric. The modified fabric exhibits good anti-abrasion
behaviors before 80 washing-cycles, but then tends to decrease
in the abrasion cycle number. Because the pristine cotton fabric
has a similar degradation behavior after 70 washing-cycles, the
degradation in wear-resistance may attribute to the loosening in
fabric structure during the washing process. Therefore, this
result suggests that the PU layer coated on the cotton surface
has enough durability to washing.

In summary, the PU coating prepared by the mist polymeriza-
tion process can significantly improve abrasion resistance of cot-
ton fabrics with well controlled damages on the desired cotton
natures such as water absorptivity, vapor transmissibility,
mechanical properties, and flexibility.

CONCLUSIONS

Cotton fabrics were modified using a mist polymerization with
PrePU and EG. The resulting PU coating on the cotton surface
provides a strong protection act against abrasion. SEM images
exhibited that the thickness of the PU coating on cotton fiber
surface is about 0.4 ym. In Martindale abrasion tests, the PU-
modified cotton fabric successfully resisted more than 2.50 X
10* abrasion cycles; in contrast, the original cotton fabric only
corresponds less than 1.30 X 10* cycles. Notably, the thin PU
layer on the cotton fiber surface does not significantly affect
cotton original natures such as flexibility, water absorptivity,
and vapor permeability. Considering the excellent balance of the
wearing durability with the desired natures of cotton fabrics, we
believe the mist polymerization process has potential to fabri-
cate wearing durable textiles.
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