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Abstract: Superhydrophobic digital-printed cotton fabric has been developed by the dip coating method to find
applications in the apparel and textile industries due to the exposure of apparel and textiles products to the environment
regarding water-repellency and self-cleaning abilities. The microstructure and surface morphology of the prepared digital-
printed fabrics was examined using scanning electron microscopy. Fabrics proved breathable based on the air permeability
of the prepared samples. Evaluation of coating durability of the modified digital-printed fabric was done by a washing
method. This revealed the durability and self-healing properties of the treated digital printed cotton fabric after heat
treatment with a water contact angle of 156° lower than the water contact angle recorded before the evaluation of coating
durability at 162°. The water-shedding angle for the developed digital-printed fabric could not be recorded due to the
stickiness of the surface of the treated digital-printed cotton fabric which produced an angle above the accepted angle at
10°. Therefore, this technique produced a digital-printed fabric with double functionalities of water-repellency and self-

healing properties and could be used in the apparel and textiles industries, especially for fashion accessories.

Keywords: Superhydrophobic, digital-printed fabric, water contact angle, self-healing, repellent.

1 Introduction

Cotton fabrics and apparel with special wetness and self-
cleanable characteristics have evoked a large amount of
quality curiosity in experimentation and practical fields.
This is due to new research on superhydrophobic fabrics in
the apparel and textile industries. These applications are
self-cleaning [1], ‘oil and water separation [2].” and ‘water
repellence [3]. Superhydrophobic surfaces in recent studies
have mainly been concentrated on pristine fabrics and few
studies on dyed or printed fabrics. However, in order to be
used in the apparel and textile industries, dyeing or printing
is essential for the fabrics. It is, therefore, necessary to
develop a method to impart super hydrophobicity to the
dyed or printed fabrics hence this research to develop a
digital-printed cotton fabric having superhydrophobic and
self-healing properties by the application of non-fluorinated
zirconium nanoparticles using the dip coating method.
Besides, the treated digital-printed cotton fabric samples
were compared with only the treated cotton fabrics to
examine the bonding mechanism between the reactive
pigment and the non-fluorinated hydrophobic reagents in
figure 1.

The developed fabric had self-cleaning functionalities since
self-cleaning mechanisms have been reproduced after the
lotus leaves with less surface energy substance and surface
features which are dependent on the surface roughness to
acquire a water-repellent uppermost layer [4], colour

fastness with other practical usages in the apparel and
textile environment.
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Fig. 1. Mechanism of surface treatment of the digital-printed

The interest in ink-jet printing on textile surfaces has
increased in academic and industrial fields. Some benefits
of ink-jet printing include customization, high speed,
cleanliness, flexibility, substrate independence and
integration ~ with  existing  production lines [5].
Superhydrophobic fabrics have been available and are the
recent concentration of studies in textile research because
of their numerous applications in the textile industry. An
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example is the ‘lotus effect’” which shows an excellent
super anti-wetting with the self-cleanable property of the
surfaces of the leaves by which rainwater rolls off more
smoothly than attaching to the surfaces. These unique
features have been accredited to the combination of the
waxed covering that results in the lowering of the surface
energy and the dual-scale structure of the surface. The
dermal tissue of the leaves develops projections which
attribute to the lowering of the surface energy with a single
covering of the cells which have been closely packed. This
covering which acts as skin: covers and protects the plants

[6].

Superhydrophobic surfaces have also been described as
surfaces that repel water. In addition, the observed water
contact angles have water droplets beyond 150° while the
droplets that produce the roll-off angle are recorded as less
than 10° to confirm that the fabric is truly
superhydrophobic [7]. In addition to the above studies on
superhydrophobicity, other researchers have come out with
the development of superhydrophobic coloured cotton
fabric by the ‘sol-gel technique’. This development was
done by combining ‘silica nanoparticles’, ‘silane
hydrophobes (alkyltrialkoxysilanes)’, and ‘silane cross-
linkers (tetracthoxysilane (TEOS)’ and ‘tetracthoxysilane
TMOS)’ after dyeing fabrics with ‘drimarene reactive red
5B’ and ‘drimarene reactive blue BR’ dyes by the ‘dip-
dry-cure process’ [8].

The research concluded that observations confirmed a long-
lasting hydrophobic property achieved on the treated dyed
fabric with the ‘non-fluorine sol-gel process [9]. The silica
nanoparticles used exhibited good fastness to colour and
some effect on the shade. In addition to the above
observations, the SEM images of the dyed-coated fabric
showed irregular surface behaviour when compared to the
uncoated dyed samples. Other steps wused in
superhydrophobic cotton fabric development are the
production of cotton fabric with properties that resemble
superhydrophobic inspired objects in nature either by a
‘one-step’ or ‘two-step’ reaction [10]. The varied methods
used are outlined in table 1 for development on cellulosic-
based surfaces.

With the use of zirconium nanoparticles for producing a
superhydrophobic surface, ‘fluorinated silyl-functionalized’
zirconia with a high permanent sol-gel derived
experimented with an immersion method [11]. Results from
the researcher indicated that the fabrication did not
deteriorate the original flexibility of the fabric but rather
possessed an excellent long-lasting superhydrophobic and
superoleophilicity property with a good water contact angle
at 163° and a contact angle hysteresis at 3.5°. In addition,
the studies indicated that the ‘fluorinated silyl-
functionalized’ zirconia coated fabric rather produced a
very good sustainable and durable superhydrophobic fabric
than particles with silica and other hydrophobization
coatings which are not suitable for everyday technical
usages [11].

2 Materials and Methods

A piece of digital-printed cotton fabric was printed with
UJET MC3 Premium by Yuhan Kimberly on a piece of pre-
treated cotton fabric. The digital-printed samples were cut
15cm X 15cm and cleaned with Ethyl alcohol anhydrous
99.9% - (C2Hs0H) purchased from Daejung KOSDAG
listed Company Korea, and deionised water before
subjecting to treatment. Methyl alcohol - (CHs; OH) also
obtained from Daejung KOSDAG listed Company, Korea;
used as a dissolving agent for dodecyltriethoxysilane
(C15H3405S1) as silane hydrophobes obtained from Sigma-
Aldrich, was used for synthesizing the sol to lower the
surface energy.

For hierarchical nano roughness, zirconium (IV) propoxide
solution 70 wt. % in 1-propanol (Zr (OCH2CH2CHs)4) from
Sigma-Aldrich, the product of U.S.A. was dissolved in 1-
Butanol (CHs (CH2)2CH20H) from JUNSEI Chemical Co.,
Ltd. Lot  No. SE5810  with acetylacetone
(CH3COCH2COCH3) from JUNSEI Chemical Co., Ltd. Lot
No. 2017D2026 used as a chelating agent to stabilize the
zirconium nanoparticle (Zr (OCH2CH2CHj3)a4).

2.1 Digital printing and fixation of pigment

The original cotton fabric was pre-treated by dissolving
sodium alginate in 50 grams of deionized water -0.95 dm?,
sodium bicarbonate of 8 grams, and urea -10 grams
[12,13,14]. The weight of the paste was 200 grams of
deionized water [12,13,14], which was mixed thoroughly.
The paste used to treat the original fabric before printing
was applied to the original cotton fabric by the use of a
‘padding machine’. The pressure used was even and at 2.6
kg/m? with a ‘padding speed’ at 2.5rpm. This continued
until the original fabric being treated reached a percentage
of 80% of ‘pick-up’ of the solution mixed after which the
coated pre-treated cotton fabric was dried at 800 in an oven.
Before digital printing, the pre-treated cotton fabric
underwent a conditioning treatment [12,13,14].

Digital printing was done using the digital printing
machine- UJET MC3 Premium by Yuhan Kimberly with
Reactive LT CMYK digital textiles printing pigment in
figure 8a with additional pigments used which were light
magenta, orange, gray and blue. The printing resolution
was set at 300dpi. After printing, the digital-printed fabric
was steamed twice to wash off excess printing pigments
and to fix the printing pigment into the fabric structure at
95 °C for 40 minutes. Steamed digital-printed fabrics were
dried under room temperature overnight shown in figure 3.
Figure 4 shows the overall process of treating the original
cotton and finally printing the digital-printed fabric.
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Fig. 3. Steamed digital-printed fabric.
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Fig. 4. Digital textile printing of original cotton fabric
from the pre-treatment stage to the final digital-printed
fabric.

2.2 Preparation of cotton fabric

Prior to superhydrophobic treatment, the original cotton
fabric and digitally printed fabric samples were treated with
deionized water and Ethyl alcohol anhydrous 99.9% -
(CoHsOH) [14]. Fabrics were dried at room temperature
and 3 digital-printed fabric samples were cured at 100°C,
120°C and at 140°C without the use of water due to the high
temperature required in fixing reactive dyes into the fibre
structure of cotton fabric during printing; whereby dye
fixation was done by heat-treatments based on the
following techniques [15]:

1. Steaming by saturated vapour (100°C).

ii. High-temperature steaming by super-heated vapour at
temperature conditions from 120-150°.

iii. Dry

Table 1 shows the sample codes used in this study with the
original fabric sample names.

Table 1. Samples used and their respective sample codes.

Samples of fabrics used

Sample codes

Original fabric l o

Digital-printed fabric P
Digital-printed cured fabric I PC
Digital-printed and superhydrophobic PCS
treated fabric
Original superhydrophobic treated S
fabric
SH, PCSH

Superhydrophobic heat-treated
samples after coating durability test ‘

2.3 Fabrication of superhydrophobic digital-
printed fabric

To lower the surface energy, silane sol was first prepared
by dissolving 20ml dodecyltriethoxysilane (C15sH3405Si) in
10ml of methyl alcohol -(CHs OH) in the ratio 2:1 with a
dropwise addition of 10ml deionized water in table 2 and
stired magnetically for 1 hour at 400 rpm.
Dodecyltriethoxysilane (Ci1sH3403Si) was used to increase
the bonding mechanism with zirconium as silane coupling
agents improve the resin zirconia bonding significantly
[16]. The percentage volumes of each material used in
synthesizing the sol for the superhydrophobic treatment of
the digital-printed fabric have been shown in table 3. To
add to the above, dodecyltriethoxysilane (CisH3403S1) was
used because the more the ‘hydroxyl groups on the surfaces
of the ‘silane-coated’ zirconium, the higher the level of
bonding in-between the ‘silane primer and the zirconium-
coated surface where a lot of energy would be needed to
interrupt the ‘interfacial’ layer [17].

To produce a superhydrophobic digital-printed fabric with
hierarchical roughness, zirconium sol was synthesized
according to the previous report [11] and modified to suit
the current study without the use of fluorinated materials
because; zirconium exhibited a very good mechanical
strength which possesses a high relationship with energy
that does not dissociate at ~ 753 KJ mole-1 [18] and as
well; a strong covalent character of which it has been noted
for Zirconium has also been well known for its stability
thermally [19] as well as the ability to withstand strong
alkali and acid when compared with other particles also of
the ceramic origin [20].

A 10ml of zirconium nanoparticle (Zr (OCH2CH2CH3)4)
was dissolved in 10ml 1-Butanol (CHs (CH2).CH20H) in
the ratio of 1:1. Stirring was done for 1 hour at 400 rpm
magnetically after which 2ml acetylacetone
(CH3COCH2COCH3) was added by dropwise addition as a
chelating agent to remove toxins and stabilize the
zirconium nanoparticle (Zr (OCH2CH2CH3)4). The
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synthesized sol was stirred again magnetically for one hour
all under cold temperature.

Table 2. Concentration of materials for the fabrication
of the superhydrophobic digital-printed fabric

Concentration (ml)

Materials

Methyl alcohol 10
Dodecyltriethoxysilane 20
(Silane Hydrophobes)
Deionized Water 10
1-Butanol 10
Zirconium (IV) propoxide solution 70 10
wt. % in 1-propanol
2

Acetyl Acetone

Table 3. The percentage volume of materials used for
treating the digital-printed fabric

Materials Vol %

Methyl alcohol 10/62 = 0.16)

Dodecyltriethoxysilane 20/62=10.32
(Silane Hydrophobes)

Deionized Water 10/62=0.16

1-Butanol 10/62=10.16

Zirconium (IV) propoxide solution 70 10/62 =0.16
wt. % in 1-propanol

Acetyl Acetone 2/62=0.03

The silane sol was added to the zirconium sol and stirred
magnetically for 1 hour at 400rpm. Samples were dipped
into the sols for one hour and heat-treated under different
temperature degrees to ascertain the temperature condition
suitable for superhydrophobic development on digital-
printed surfaces as reactive pigments require a set
temperature condition to adhere to the fabric structure [15].
]. In figure 4, the schematic structure has been represented
showing the preparation for fabrication. Figure 5 shows the
overall treatment procedure for the fabrication of the
superhydrophobic digital-printed fabric has been outlined.
After washing off excess nanoparticles, the samples were
then re-coded as sample S being the original fabric O
before superhydrophobic treatment; heat treated at 120°C
after superhydrophobic treatment, sample PS- the
superhydrophobic treated digitally printed fabric P heat
treated at 120 °C, sample PCS/100- the treated
superhydrophobic digital-printed fabric cured at 100 °C;
sample PC/100 before superhydrophobic treatment which
was heat-treated after superhydrophobic treatment at 100
°C, sample PCS/120- the treated superhydrophobic digital-
printed fabric cured at 120°C before superhydrophobic
treatment- PC/120 which was heat-treated after
superhydrophobic treatment at 120 °C and sample PCS/140
- the treated superhydrophobic digital-printed fabric cured
at 140°C before superhydrophobic treatment- PC/140 heat-

treated after superhydrophobic treatment at 140°C. All heat
treatments lasted for one hour for all samples.
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Fig. 4. A diagrammatic representation of the

preparation of sol and fabrication of superhydrophobic
digital-printed fabric.
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Fig. 5. The overall treatment procedure for the
treatment of the digital-printed fabric.

2.4 Characterization

The surface morphology of untreated fabric samples O, P,
PC/100, PC/120, PC/140 and superhydrophobic treated
samples S, PS, PCS/100, PCS/120, and PCS/140 was
monitored using the ESC 7900 scanning electron
microscopy. Water contact angle and water shedding angle
measurements were conducted with the water contact angle
goniometer ‘Theta lite optical tensiometer, KSV
Instruments, Finland’ and the shedding angle adjustment by
using the ‘cradle (Attention theta lite)’ on treated and
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untreated samples The colour difference was tested with the
colour spectrophotometer ELECOM  U2H-M4BGT
S/N003090. An air permeability test was done with the
Testing Instruments for Quality Control. Zurich,
Switzerland TEXTESTAG (FX 3300).

2.5 Evaluation of surface morphology

The fundamental composition and surface morphology of
developed digital printed cotton fabric samples and
undeveloped digital-printed cotton fabric samples was
examined by scanning electron microscopy ESC 7900.
Before the examination of the surface morphology, a
sputtering coater was used by depositing a thin layer of
gold film to cover all sample surfaces to aid in increasing
the conductivity of the structures during the main
experiment.

2.6 Evaluation of water contact angle and
shedding angle

The water contact angle measurement and shedding angle
measurement tests have been done using the contact angle
goniometer. Both treated and untreated sample surfaces
were measured and compared by using a sessile water drop
method with water droplets of distilled water up to 10-15ul
on all fabric samples without any set temperature
conditions. The results of the water contact angles and
shedding angles were measured on two different samples at
five separate points. The mean values of the contact angles
were recorded. The photographs of the water droplets on
the surfaces of the fabric samples were captured with the
use of a digital camera between 10-20 seconds. This was
done without changing the temperature and the airflow of
the testing environment The measurement of the shedding
angle was also done by dropping the liquids on the surfaces
of the untreated and treated fabric samples which were very
difficult to record due to the stickiness of the surfaces of the
treated digital-printed fabrics and the hydrophilic nature of
the untreated fabric samples. This was based on the roll-off
angles of the various samples to be proven as a
superhydrophobic substrate.

2.7 Evaluation of colour difference

The colour difference of the steamed digital-printed fabric,
digital-printed fabric washed with ethyl alcohol and
deionized water; zirconium-treated digital-printed cotton
fabric and treated digital-printed cotton fabric that had
undergone five washing cycles were tested. The same
colour points were cut out and measured for the colour
difference since the digital-printed fabric sample used in
this study was a patterned digital-printed fabric. The
samples were measured with the colour spectrophotometer
ELECOM U2H-M4BGT S/N003090 to find out the effect
of treatment on colour based on the colour difference at
observer 10° (Primary: D65). Results of the L* values at
D65 were recorded since the colour brightness results were
used to assess the colour difference

%‘ NS =) 5

2.8 Evaluation of air permeability

An air permeability test was performed on the various
samples to evaluate the air passage of the treated surfaces
which could affect the air pores of the treated fabric
samples. The untreated and treated fabric samples were
tested with the Testing Instruments for Quality Control
Zurich, Switzerland TEXTESTAG (FX 3300).

2.9 Various liquids’-repellency tests

The repellency of other liquids was tested with various
liquids by comparing all fabric samples- both the treated
and the untreated. This was executed by dropping droplets
of various liquids on the sample surfaces. The various
liquids used to test the surface repellence of the treated
fabrics were coloured water, cocoa drink, black tea,
cranberry juice and coffee. These liquids were selected to
evaluate the surface repellency of the treated surface to
ascertain the repellency of the treated surface to other
liquids apart from water.

2.10 Evaluation of coating durability

All superhydrophobic treated fabrics underwent five
washing cycles at 40°C for 39 mins in a commercial
washing machine. This was to compare the durability of the
superhydrophobic  digital-printed  fabrics  with  the
superhydrophobic original cotton fabric for a better
assessment of the printing pigment based on the water
contact angles, and the colour difference.

After the first, third and fifth laundry cycles before and
after healing treatment water contact angle measurements
were taken. During the healing treatment, fabric samples
were subjected to heat treatment for 5 minutes.
Measurement of the water contact angles was also to find
out if all treated fabric samples maintained their
superhydrophobicity after the five laundry cycles and could
possess self-healing properties after being washed five
times. After each washing cycle, the state of firmness and
strength of treatment on the samples was determined by
measuring the water contact angles.

2.11 Self-cleaning property of fabricated digital-
printed fabrics

The self-cleaning ability test was conducted with silicon
carbide to find out if treated samples had the ability to self-
clean without any external force on the surfaces. This was
recorded with the use of a digital camera to find out the
self-cleaning performance of all samples used in the
experiment.

3. Results and Discussion

3.1 Surface morphology of treated and untreated
fabrics
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Surface morphology results confirmed the original cotton
fabric in figure 6, (a) with a smooth surface structure of the
fibre with fine terraces visible features on its fibre cuticle at
low magnification, while (b) shows a low magnification of
the superhydrophobic developed original fabric - S with
roughened surface structures indicating the deposition of
the nanoparticles employed in this study on the surface of
the fibre thereby altering the fibre structure and surface.
The (c) shows the high magnification of (b)

Fig. 6. The surface morphology of the original cotton
fabric O in (a), S in (b) at low magnification and S at
higher magnification in (c).

The surface morphology of the digital-printed fabric -P in
figure 7 where (a) shows very slight rough surfaces on the
cotton substrate due to the deposition of the printing
pigment. In (b), the treated digital-printed fabric PS shown
at low magnification after heat-treatment at 120°C had
more roughened surfaces owing to the changing of the fibre
surface and structure showing deposition of the
nanoparticles used thereby recording the highest at 162°
due to the change in morphology of the coated surface. The
higher magnification in (c) clearly demonstrated the
structure after treatment, by becoming rougher and uneven

x3000 x3,000

x10,000

Fig.7. The surface morphology of the digital-printed
fabric -P in (a), PS in (b) at low magnification and PS at
higher magnification in (c).

The digital-printed fabric cured at 100° before
superhydrophobic treatment- PC/100 in figure 8, (a) had a
smooth surface with slight rough patches while (b) shows
the superhydrophobic digital-printed fabric -PCS/100 with
some kind of rough surface and a meandering glossy effect
which could be due to the curing before superhydrophobic
treatment in low magnification. The higher magnification
of (b) is shown in (c).

PC/100 PCS/100 PCS/100

x3000

x3,000

x10,000

Fig.8. The surface morphology of the digital-printed
fabric PC/100 in (a), PCS/100 in (b) at low
magnification and PCS/100 at higher magnification in

(c).

The digital-printed fabric was cured at 120° before
superhydrophobic treatment PC/120 in figure 9, (a) also
shows a smooth surface with slight rough patches which
could be due to the printing pigment and the temperature at
which the digital-printed fabric was cured before
superhydrophobic  treatment. The (b) shows the
superhydrophobic digital-printed fabric PCS/120 with a
more roughened surface than (a) and some glossy effects in
low magnification. The higher magnification of (b) is
shown in (c).

PC/120 PCS/120 PCS/120

x10,000
(a) (b) (©)

8.0mm

pm 7.9mm

Fig. 9. The surface morphology of the digital-printed
fabric PC/120 in (a), PCS/120 in (b) at low
magnification and PCS/120 at higher magnification in

(c).

The digital-printed fabric cured at 140° before
superhydrophobic treatment PC/140 in figure 10 where (a)
shows a smooth surface of the untreated digital-printed
fibre structure while (b) shows the superhydrophobic digital
printed fabric -PCS/140 with rougher surface and less
glossy effect than in figures 12 and 13 which could also be
due to the curing before superhydrophobic treatment and
deposition of the superhydrophobic particles in low
magnification. The higher magnification of (b) is shown in

(©).
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PC/140 PCS/140 PCS/140

x3000

X3,000

x10,000

Fig. 10. The surface morphology of the digital printed
fabric PC/140 in (a), PCS/140 in (b) at low
magnification and PCS/140 at higher magnification in

(c).
3.2 Water contact angle and shedding angle

Based on the ‘ASTM D7334-08(2013)-Standard Practice
for Surface Wettability of Coatings, Substrates and
Pigments’, the results of the water contact angle
confirmed complete wetting for all fabric samples. The
wettability of the original cotton sample after contact
angle measurements exhibited the typical cotton fabric,
due to the wetting group called the ‘hydrophilic groups’
in the fabric structure made up of cellulose that absorbed
all the water.

After the steaming process, the pre-treatment elements were
lost in the untreated digital-printed fabric by rendering it
hydrophilic thereby losing the hydrophobic property.
Further results of the water contact angle confirmed the
digital-printed fabric - PS with the highest water contact
angle at 162° whiles PCS/100 recorded the lowest water
contact angle at 150°. PCS/120 recorded an average water
contact angle at 153°. The PCS/140 recorded an average
water contact angle at 154° in table 4.

Table 4. Water contact angle and shedding angle of
untreated samples and treated samples with the contact
angle images of superhydrophobic treated samples.

UNTREATED SAMPLES SUPEHYDROPHOBIC TREATED SAMPLES

0 P POAOD | PCA | PO | S PS | PCSI00 | PCS/T20 | PCS/140

Waer
Contact
(Complete | (Complete | (Complete | (Complete | (Complete
Weting n | wettng in | wetingin | wettng in | wettingin | o -
lessthan § | ess than § | less than 5| lss than 5 | less than §
560) st st st st

Angle
()

Shedding S TR
Angle

()

kl

The  results concluded that  printing  before
superhydrophobic treatment had no effect on the
superhydrophobicity but rather on the temperature
condition  of  heat treatment. Curing  before

superhydrophobic treatment at various temperature degrees
also confirmed the temperature conditions interfered with
the pigment by exposure to excessive heat after steaming
twice at 95° for 40 minutes by breaking down the chemical
structures of the cured digital-printed fabrics before
treatment. On the other hand, the untreated samples had
complete wetting based on the water contact angle results
and water could not roll off the surfaces. Therefore, it was
impossible when taking measurements of the shedding
angle of the untreated samples.

The shedding angles of the superhydrophobic treated
samples recorded were higher than 10° due to the sticky
surface of the treated fabrics. In figure 11, the water contact
angle and shedding angle results of the treated fabric
samples have been shown in detail.

H"WCA mWSA

160 161 1¢2 150 153 154
140
120
100
80
60
40 30
20 20 14 19 20 -
. | = ] |
S PS

PCS/100 PCS/120 PCS/140
Fig. 11. Graph showing the water contact angle and
water shedding angle of treated fabric samples.

WCA WSA ()

Treated samples

3.3 Repellency

Observation of the surface repellency to water by visual
examination with various liquids (coloured water, cocoa
drink, black tea cranberry juice and coffee) dropped on the
surfaces showed that the original cotton sample -O
absorbed completely in less than 3 seconds. Also, the
untreated digital printed cotton sample -P absorbed all
liquids completely.

The superhydrophobic treated digital-printed fabric -PS
showed much repellency when the various liquids were
dropped on the surface to other liquids apart from water
which could be because of the air layer trapped on the
digital-printed cotton surface. Likewise, the
superhydrophobic treated original cotton fabric -S did not
absorb any of the aforementioned liquids compared to the
original cotton fabric which is a phenomenon that proves
the ‘Cassie-Baxter state’ of the finished treated fabric
samples [1] in figure 12.
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Untreated digital-printed fabric

Superhydro; ic treated digital-

fabric printed fabric

Fig.12. Images of various liquid droplets on the surfaces
of untreated fabrics, and treated fabrics with coloured
water, cocoa drink, black tea, cranberry juice and
coffee.

3.4 The durability of coating before heat
treatment

A very significant factor for the functionality of the
prepared fabric is the durability test by subjecting treated
fabric samples to a number of washing cycles based on the
fact that the superhydrophobic digital-printed cotton fabrics
would be in the future subject to washing in the
environment. The water contact angle of treated samples is
shown in figure 13 before heat treatment. Water contact
angle results before washed samples were subjected to heat
treatment confirmed the superhydrophobic digital-printed
fabric -PS recorded the highest water contact angle at 159 °
compared to the water contact angle result before the first
washing cycle at 162° in figure 27. The superhydrophobic
digital-printed fabric -PCS/100 increased in water contact
angle before heat treatment from 150 ° to 153° which could
be due to uneven heat treatment before evaluation of the
coating durability. Only the superhydrophobic digital-
printed fabric PCS/140 recorded the lowest water contact
angle at 122° after all washing cycles before heat treatment.

uBefore Washing = 1xWashing = 3xWashing - Sx Washing
180
161 162 159
153 158 153
10| 19 ) 5 g g 1as 1831
0 136
m
120
5 100
)
60
40
20
0
SH PSH PCSH/100 PCSH/120 PCSH/140

Superhydrophobic treated samples

Fig. 13. Water contact angle after all washing cycles
before heat treatment in comparison with water contact
angles before washing cycles.

3.5 The durability of the coating after heat
treatment

After heat treatment for 5 minutes at various temperature
conditions, the superhydrophobic digital-printed fabric -PS
recorded the highest water contact angle at 156° after all
washing cycles compared to the water contact angle at
162° before coating evaluation, and at 152° before heat
treatment, after all, washing cycles. The superhydrophobic
digital-printed fabric -PCS/120 recorded a water contact
angle slightly below 150° at 148° making it hydrophobic
after all washing cycles which could be due to excessive
exposure to heat since the superhydrophobic digital-printed
fabric -PCS/120 was cured before superhydrophobic
treatment at 120°. This could also break down the fibre
structure of the treated superhydrophobic digital-printed
fabric PCS/120 based on the water contact angle results in
figure 14.

uBefore Washing ~ #1x Washing 3x Waxhing 5X Washing

161
161 156

162163 1)
156 154100 157

155 155 53 157
154 = W S 50

0 —

SH PSH PCSH/100 PCSH/120 PCSH/140

Superhydrophobic treated samples

Fig. 14. Water contact angle after heat treatment in
comparison with water contact angles before washing
cycles.

3.6 Effect of treatment on colour

The outcome values from the spectrophotometer and
images for the visual examination have been shown in table
5 where the digital-printed fabric had a decrease in the
light-shaded colour tested after cleansing with deionized
water and ethanol based on the results from the colour
spectrophotometer with L* value of 84.4 at D65 After
superhydrophobic treatment, the light-shaded colour
decreased and became shady with the lowest result at L*
value of 63.4 at D65 which could be due to the deposition
of the superhydrophobic particles on the surface of the
digital-printed fabric because; the results recorded after five
washing cycles rather increased to L* value of 76.6. at D65.

Visually, the difference could have amounted to the
removal of some of the superhydrophobic particles
deposited after all washing cycles with little effect on the
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shade. The outcome values based on the results of the
colour spectrophotometer also show the difference in the
brightness in figure 15.

Table 5. The colour difference of the effect of treatment
on colour with images of digital-printed fabric samples -
(after steaming, after cleaning with deionized water and
ethanol, after superhydrophobic treatment and after 5
washing cycles).

Steamed After cleaning After After 5
digital-printed with superhydrophobic washing
fabric deionized water treatment cycles

and ethanol
7 ;

L* (D65)=84.4

L* (D65)=85.6 L*(D65)=634 | L*(D65)=76.6

AVERAGE
100
90 85.6 84.4
80 74.6
70 63.4 -
60 %
50
40
30
20
10
0
STEAMED AFTER AFTER AFTER 5X

CLEANING TREATMENT WASHING

Fig. 15. Graph showing the effect of treatment on the
colour of digital-printed samples -(after steaming, after
cleaning with deionized water and ethanol, after
treatment and after 5 washing cycles).

3.7 Air permeability

Superhydrophobic digital-printed fabric cured at 100° -
PCS/100 recorded the highest air permeability at 52.4
(cm3/cm2/s) and proved more breathable than the other
samples. The other superhydrophobic treated fabric
samples because of their ‘high-density’ nature of how
packed the yarns became in the various structures produced
rather a low flow of air at an average of 32.3 (cm*/cm?/s) in
figure 16.

100 - E 93 93.1 93.3 933
@ 99 s m Untreated
S
£ 80
§ 70 SiZPacec
£ 60 524
<9
~ 50
£ 40 23 387 341 352
-5 30
20
E 10
= 0 —
"<- PT PC100 PC120 PC140 Up

Samples

Fig. 16. Air permeability of samples before and after
treatment.

3.8 Self-cleaning Ability

The self-cleaning ability confirmed the original cotton
fabric was not able to self-clean in figure 17. The untreated
digital-printed fabric was also not able to self-clean the dirt
used to test the self-cleaning ability. Meanwhile, the
superhydrophobic original fabric- S and the digital-printed
superhydrophobic fabric-PS had the water droplets on the
silicon carbide collected in the droplets and trapped the dirt
in the droplets. When the surface was agitated, the droplets
rolled off from the surfaces leaving very minute particles of
the dirt on the surfaces proving more room for
improvement in self-cleaning abilities.

Superhydrophobic treated original fabrics

Original cotton fabric Before After

Untreated digital-printed Superhydrophobic treated digital-printed fabrics

fabric

Fig. 17. Images showing the self-cleaning abilities of
untreated and treated printed fabrics.

4 Conclusion

In conclusion, the morphology of the superhydrophobic
treated digital printed fabric samples proved that the
nanoparticles employed in this study are good
hydrophobisation agents for excellent surface roughness
and wettability with WCA at 162°. Digital-printed fabric
with temperature condition at 120°C only after
superhydrophobic treatment as the plain cotton fabrics
according to the previous report had a great effect on the
water contact angle recorded. Therefore, the breathable,
durable, self-healing and superhydrophobic digital-printed
cotton fabric could be applicable in the textile industry that
needs functional and dyed fabrics. But it could not meet the
criteria as a superhydrophobic surface because of the water
shedding angle greater than 10°. This needs to be improved
by optimizing the surface roughness and surface energy for
more diverse applications in subsequent research to be
conducted.
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