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4.1. Introduction

Polyurethane (PU) is a widely used polymer in domestic, industrial, and technical
fields because of its tailor-made properties and easy applicability.* Generally, the
preparation of conventional solvent-based PU involves, isocyanates, and polyols, mainly
derived from petroleum sources, which results in the addition of numerous harmful air
pollutants and volatile organic compounds (VOCs) to the environment.>® As the extensive
applications increase the demand for PU polymers, and at the same time, environmental
pollution concerns increase, there is a need for an alternative to solvent-based PUs.

Nowadays, waterborne polyurethane (WPUSs) have emerged as the best alternative to
conventional solvent-based PU and are widely researched.’® Polyaddition reactions involving
diisocyanates as hard parts and polyols as soft parts prepare the WPU. ° The soft parts of
WPU contribute to its flexible characteristics, while the hard parts affect the mechanical and
thermal stability of the PU materials. With the different compositions of soft and hard parts,
WPUs demonstrate a distinct microphase separation. To control how much this microphase
separation happens in WPUs, one can get excellent mechanical strength, good flexibility, and
good resistance to solvents.'® Hence, with this versatility, WPUs have been shown to have
diverse applications, including as glass fiber lubricants,}*3 elastomers,** adhesives,*>1®
textile finishes,!” and the base coating for leather products, plastics, furniture, flooring,
automotive, vinyl upholstery, and footwear.®® The main parts used to synthesize WPU
come from petroleum sources: polyols, diisocynates, and hydrophilic chain extenders.?°
Hence, with the increased demand for WPUs and the concerns about environmental
sustainability, the production of WPUs using renewable bioresources instead of petroleum
compounds has become a more important and urgent requirement.

In this context, the replacement of petroleum-based polyols with vegetable oil (VO)
and the development of WPU polymers with similar or improved properties are the major
demands of current research.?! Due to their excellent properties, such as low toxicity, inherent
biodegradability, high purity, etc., the vegetable oils involved in the production of WPUs are
gaining much importance.”” Not only that, a main focus is employed on utilizing the
nonedible castor oil (CO) as the polyols,?* for WPU preparation has been largely substituting
petroleum-based polyols. CO is a good NEVO because it is biodegradable, low-cost,
available, and its structure contains hydroxyl groups and unsaturation. Also, CO containing
active hydroxyl groups can react with isocyanate directly without any further modification.?*

Using CO, both cationic and anionic WPUs have been successfully developed by Liang et
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al.”> and show better storage stability at RT with adjustable mechanical properties. Also, the
cationic WPU had better antibacterial activity.

WPUs also find extensive application as finishing agents in textiles to enhance fabric
durability, improve quality, and achieve a more refined appearance. Additionally, they are
employed to create coatings that promote breathability and are free from formaldehyde.?® The
exceptional qualities of WPUs, like hydrophilic, antistatic, and anti-dust properties, make
them especially well-suited for synthetic fibers.?” Throughout manufacturing, working,
transportation, and storage, the textile fabrics can be susceptible to microbial organisms.
These microorganisms possess the ability to infect textiles, leading to fiber deterioration,
unpleasant smells, and a slick and slimy texture.?® In this aspect, to protect textile fabrics
from expected microbial infections, antibacterial coating of fabrics was counted the best

2 Many chemical finishing agents like chitosan, triclosan, metal nanoparticle

solution.
materials and quaternary ammonium salts have been used for antimicrobial coating of textile
fabrics.’®3! Moreover, polyphenolic compounds (vanillin, curcumin, and tertiary butyl
hydroquinone) are also used to enhance antimicrobial properties.?%32-33

Curcumin is sourced from the plant curcuma longa and inherent variety of
pharmacological properties.>* Biocompound curcumin manifests potent antimicrobial,
antioxidant, antiinfammatory, anticoagulant, and antitumor activities.***® Curcumin has also
been used as antimicrobial agent for wounds.?” Traditionally, it is used for dying or coloring
the fabrics.>® In this study, curcumin was used as a bioresource to develop CO-based WPU as
a chain extender because of its ability to apply strong antibacterial properties to the fabrics.
The incorporation of naturally occurring bioactive curcumin into the polymeric chain of CO-
based WPUs represents a more effective approach in the development of WPU. This addition
significantly contributes to enhancing the antibacterial characteristics of polyester/cotton
(PE/C) blend fabrics when coated.

In the present work, the new WPUCs (Waterborne polyurethane alongwith bioactive
curcumin) polymers are synthesized using CO as a polyols and curcumin as the chain
extenders. The impact of different mole ratio of curcumin on the synthesis of WPUCs has
been investigated. The synthesized WPUCs are characterized through the ATR-FTIR, DLS,
and Zeta potential techniques. The synthesized WPUCs is coated on the PE/C blend fabric by
dip coating technique. Analyses of the color fastness, air permeability, abrasion resistance,
bending modulus, and tensile strengths of WPUC-coated PE/C blend fabric are investigated

to determine its durability, permeability and mechanical properties. The antibacterial studies
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of the WPUC-coated PE/C blend fabric have been performed against gram-positive and
gram-negative bacteria for its better antibacterial textile applications.
4.2. Experimental
4.2.1. Materials

Dimethylol propionic acid (DMPA) and curcumin were received from sigma Aldrich
India. isophorone diisocyanate (IPDI) and triethylamine (TEA) were procured from Merck
India. Dibutyltin dilaurate (DBTDL) and methyl ethyl ketone (MEK) and were obtained from
TCI Chemicals India. The polyester/cotton (PE/C) blend fabric was purchased locally. The
specifications of the studied PE/C blend fabrics are shown in Table 4.1. The PE/C blend
fabric was cleaned in the bath using the detergent at 100°C for 30 minutes. After the
impurities like dust and oil stains were removed, the fabric was rinsed with both warm and
cold water and then left to air dry at RT before use. The pH levels of the fabric remained
steady between 6.5 and 7.5 during the various treatment stages.

Table 4.1. Specifications of PE/C blend fabric sample

Quality Plain weave polyester/cotton
Appearance White
Count (Warp-wise /Weft-wise) 33/31
Blend ratio polyester/ cotton 67/33
GSM (g/m? ) 123.2
EPI? 108
PPI® 88

Ends per inch, *Picks per inch.

4.2.2. Methods
4.2.2.1. Synthesis of WPUCs dispersions

The overall reaction process to synthesize WPUCs using the bioresources CO and
curcumin is shown in Figure 4.1 and has been previously reported with synthetic polyol.*
The synthesis of WPUC having two-step reactions. In the first step, dry CO and IPDI were
taken in a RBF equipped with a mechanical stirrer, thermometer, and N> inlet for 30 min at
80°-90°C. A drop of the DBTDL and the DMPA emulsifier was added to the reaction
content under the stirring. Here, the mole ratio of the -NCO groups (IPDI), -OH group (CO),
and the emulsifier-OH groups (DMPA) was 2.5:1.0:0.9. The reaction mixture was further
kept to react for 2 hrs at 80°C to synthesize the PU-prepolymer. Then, TEA was added as a

neutralizing agent, and reaction was continued for the next 45 min at 55°C to get neutralized
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PU-prepolymer. For lowering the viscosity of the polymer solution, a very small amount of
MEK was added to the reaction content. The extension of polymer chain of the neutralized
PU-prepolymer was done using the incorporation of curcumin (solubilized in the required
MEK solvent) for 30 min, followed by the dropwise addition of the decided water under

continuous stirring. The dispersion step was again proceeding for the next 2 hrs at RT.
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Figure 4.1. Synthetic scheme of WPUCs synthesis
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After that, the MEK was removed from WPU dispersion using a rota-evaporator to yield
WPU dispersion with a 30% solid content. The use of MEK solvent is essential here, but it's
not good for the environment. The MEK is distilled out completely, but its residual presence
may not be a better practice in the synthesis. The replacement of this important solvent is
very necessary in the PU synthesis chemistry. From the above-mentioned process, the WPU
without curcumin and the other three polymers with different mole ratios of curcumin were
synthesized. The composition of all the synthesized WPUCs is shown in Table 4.2. The
physical appearance of synthesized WPUC:s is displayed in Figure 4.2.
Table 4.2. Composition of the WPUCs

Sample CcO IPDI DMPA TEA Cu.rc.umin
(moles) (moles) (moles) (moles) (millimole)
WPUCO 1.0 2.5 0.9 0.9 0.0
WPUCO.1 1.0 2.5 0.9 0.9 0.1
WPUCO0.5 1.0 2.5 0.9 0.9 0.5
WPUCI1 1.0 2.5 0.9 0.9 1.0
WPUCO WPUCO.1 WPUC0.5 i
- e = - > = >

Figure 4.2. The appearance of WPUCs with different molar ratio of curcumin

4.2.2.2. Coating of WPUCs on PE/C blend fabric

The PE/C blend fabric was coated with synthesized WPUCs (shown in the Figure
4.3) using the dip coating technique. After coating, the coated fabric was dried at 115°C for 5
min. To achieve the desired characteristics, the fabric underwent three coating cycles,
resulting (shown in Table 4.3) in an add-on ranging from 27.98% to 38.64 % of polymer

coating with thickness of ~0.1 mm.
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Table 4.3. Measured characteristics of the WPUC-coated PE/C blend fabrics
Sample GSM  Thickness (mm) Co(;atlng After coating fabric
(%) appearance
Uncoated 123.2 0.22 00.00 -
WPUCO 170.8 0.31 38.64 White
WPUCO.1 158.8 0.30 28.90 Light yellow
WPUCO0.5 154.4 0.29 25.32 Yellow
WPUCI1 157.6 0.31 27.98 Dark yellow

WPUCO WPUCO0.1 WPUCO0.5 WPUC1

Figure 4.3. WPUCs-coated PE/C blend fabrics

4.2.3. Characterization
4.2.3.1. Physical characteristic

Physical characterizations of all the synthesized WPUC dispersions have been done to
examine their dispersion stability and appearance. All samples were centrifuged (3000 r/min,
30 min) at 25 °C on a REMI R4C centrifuge to evaluate their stability.*’ “The solid contents
of WPUC:s have been determined by following the ISO124-1997 standard method. Placing a
fixed amount of WPUC dispersion in an aluminum cup and drying it in a vacuum oven at
80°C until the weight of the solid contents was constant. The solid contents were then

calculated using the following equation:
Solid contents(%) = % x 100

Where, B = mass of empty aluminium cup, D = mass of the cup and WPUC before drying,
and A= mass of cup and WPUC after complete drying.”
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4.2.3.2. Dispersion size distribution

Using a Zetasizer (Malvern, Na model UK), a DLS method was used to measure the
particle size and distribution of the WPUC dispersion. The WPUC dispersion samples were
diluted to a 5 mg/mL with distilled water and further sonicated for the analysis.
4.2.3.3. Structural characterization

ATR-FTIR spectroscopic measurements were used to characterize the molecular
structure of curcumin and WPUCs. ATR-FTIR spectra were recorded in the range 4000-400
cm! on a Bruker Tensor 11 spectrometer. The spectrum of the air was taken as a background
before each sample analysis. The ATR-FTIR were used to confirm the formation of WPUC:s.
4.2.3.4. Fastness Properties of WPUC-coated PE/C blend fabrics

The standard methods were employed to assess the washing, light, and rubbing
fastness characteristics of the WPUC-coated PE/C blend fabric samples. To determine wash
fastness, the relevant ISO-1006-C03 (ISO 3) technique was employed. A fabric piece of 5 x 2
cm?, to be tested, was positioned between two adjacent uncoated fabrics of identical
dimensions. The fabric sample was stitched along all four sides to create a combined sample.
This composite sample was immersed in a bath containing a soap solution of 5 gm/L and a
soda ash solution of 2 gm/L, maintaining a fabric-to-liquor ratio of 1:50. The bath was sealed
and placed in a water bath, where it underwent a 30 min treatment at a temperature of
60°+£20°C. After the treatment cycle, the samples were extracted, rinsed with distilled water,
gently squeezed, and air-dried. The alteration in shade was evaluated and ranked on a scale of
1 to 5 using the greyscale method, with 1 indicating poor and 5 signifying excellent resistance
to washing.

The light fastness of the coated fabric samples was determined using the BS1006:1987
method, which involved subjecting the samples to 16 hrs of sunlight exposure. The
assessment of light fastness was conducted by contrasting the exposed section with the
unexposed portion of the material. Ratings were assigned on a scale from 1 to 8, with 1
indicating inadequate light fastness and 8 representing exceptional resistance to light.

Assessing the ability to resist rubbing (both when wet and dry) using a crock meter
(BS1006; NOX12; 1978) was performed. The rubbing test apparatus employed a finger with
a diameter of 1-6 cm, moving back and forth in a straight line across a 10 cm track on the
sample with a 6 N forward force. The crock meter served as a suitable device for this
purpose. The samples were tested against a rubbing cloth made of coated fabric measuring
5x5 cm?. Two sets of fabric samples were prepared for dry rubbing and wet rubbing. In both

scenarios, the rubbing motion was repeated 10 times over 10 seconds along the specified
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track. For the wet rubbing test, the cloth was wetted and wrung until it retained its water
weight. The extent of staining on the rubbing cloth was evaluated using a greyscale and rated
on a scale of 1 to 5, where 1 indicates poor resistance to rubbing and 5 indicates excellent
resistance.
4.2.3.5. Air permeability of WPUC-coated PE/C blend fabrics

The air permeability measurements were made using the Air Permeability Tester in
accordance with ASTM D1737-96 at a set pressure of 200 Pa. Ten repetitions for each
WPUC-coated PE/C blend fabric sample were made.
4.2.3.6. Mechanical properties of WPUC-coated PE/C blend fabrics

The mechanical performance testing such as abrasion, bending modulus, and tensile
strength of plain weaved PE/C blend fabric samples and after being coated with different
WPUCs dispersions were checked using standard test processes ASTM D4966, IS 6490,
ASTM D5035, respectively. All properties except abrasion were assessed for both warp-wise
and weft-wise direction.
4.2.3.7. Antibacterial activity of WPUC-coated PE/C blend fabrics

Antibacterial activities were performed by the standard AATCC 100-2012 method
using the E. coli and P. aeruginosa as gram-negative and S. aureus and B. cereus as gram-
positive as the testing strains.

The bacterial growth (R) reduction on the fabric sample was calculated as:

(B-4)
B

%R = x 100

Where, R=the reduction rate of bacterial growth, B=the initial number of bacterial colonies

and A=the number of bacterial colonies on coated fabrics after contact for 24 hrs.

4.3. Results and discussion
4.3.1. Physical characterization of WPUC dispersions

The outcomes of physical characterization of WPUC dispersion of varying mole ratio
of curcumin are shown in Table 4.4. Solid contents of the synthesized WPUCs dispersions
were found from 30.17% to 33.05 %. The progressive enhancement in the solid weight
contents may be due to the increasing amount of curcumin in the WPUC dispersions.
The physical appearance was almost the same milky yellow (except for the WPUCO) in the

synthesized dispersions, and their diluted solution showed yellow in color. Here, a yellow
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Table 4.4. Properties of the synthesized WPUC dispersions
Properties WPUCO WPUCO.1 WPUCO0.5 WPUC1
Milk
Color & appearance ~ Milky White Milky Yellow Milky Yellow _—
Yellow
Particle size (nm) 80.1 74.8 58.3 48.2
Zeta potential (mV) -61.7 -61.4 -52.9 -52.2
Polydispersity index 0.227 0.265 0.149 0.372
Solid content (wt%) 30.17 32.20 32.97 33.05
Storage stability
> 6 >6 > 6 >6
(Months)

color of dispersion was shown due to curcumin, which is naturally yellow and incorporated
as a chain extender into the WPUC backbone. It is shown that the stability of all the
developed dispersions (WPUCO to WPUCI dispersions) was the same, i.e., they did not
display any precipitation over six months. It is possible because of the uniform distribution of
curcumin molecules in the polymer chains.

4.3.2. Particle size distribution and zeta potential of WPUC dispersions

The DLS method was used to analyze the particle size distribution of synthesized
WPUC dispersions. Figure 4.4 shows the particle size distribution of the synthesized WPUC
dispersions with varying mole ratios of curcumin.

The particle sizes of WPUC dispersions, in the form of hydrodynamic diameter (Dh),
were of 80.1, 74.8, 58.3, and 48.2 nm for WPUCO0, WPUCO0.1, WPUCO0.5, and WPUCI,
respectively. It is shown that each WPUC dispersion has small particle sizes (d<100nm), and
the size distribution was extremely narrow with a PDI of less than 0.5, indicating that each
WPUC dispersion was uniform and well-dispersed.

The stability of the WPUCs was also checked with the particle size distribution
measurements after 8 months shown in Figure 4.5, and negligible changes confirmed the
stable form of dispersions. Here, when the curcumin molar ratio rises from 0 to 1 mM, the
particle size of WPUCs reduces from 80.1 to 48.2 nm. Such an alteration happened due to the
increasing amount of curcumin in the WPUC dispersion. This is indicated to the presence of
curcumin lowering the surface tension of the PU dispersion system as hydrophobic in nature,
which also promotes fine particle dispersion, inhibits agglomeration, and leads to reduced

particle size.
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The zeta potential is a recognized parameter in colloidal science and is used to assess
the stability of colloidal dispersions. For WPUs, a greater than £30 mV value of zeta
potential is generally preferred for better stability, as particles tend to repel each other,
preventing agglomeration. Here, the electrostatic repulsion between particles helps to
overcome other attractive forces, such as van der waals forces, and keeps the particles
dispersed. As shown in the Table 4.4, all WPUC dispersions display a zeta potential below
than -52.2 mV, indicating stable emulsions. The magnitude of the zeta potential follows the
same pattern as the WPUCs particle size. The zeta potential of WPUCO is -61.7 mV, while
that of WPUCL.0 is -52.2 mV. Additionally, the zeta potential of WPUCs decreases with
higher curcumin content. Here, WPUC dispersions are electrostatically stabilized by
carboxylate ions of neutralized PU; therefore, a stable electrical double layer is formed
around the WPUC particle, which hinders the aggregation of particles and leads to higher
zeta potential values.

4.3.3. Structural characterization of WPUC films

The ATR-FTIR spectra of bioactive curcumin and synthesized WPUC films are
shown in Figure 4.6. It is obvious that the spectrum of prepared WPUCs includes some
bands that are not present in spectrum of the CO, which confirms the formation of WPUC
dispersion.

In Figure 4.6, spectrum of curcumin, showed a distinct peak at 3506 cm™ associated
with phenolic —OH stretching vibration. The C=0 stretching was linked to the absorption
peak at 1626 cm™. The stretching of C=C bonds within the benzene ring was associated with
the peaks at 1601cm™ and 1506 cm™.*! The bands observed at 1275 cm™ were a result of the
C-O bond present in the enol. Furthermore, the bands falling within the range of 960-810cm’
were indicative of out-of-plane bending in C-H bonds and the stretching of aromatic
structures.

The ATR-FTIR Spectrum of four different WPUCs is shown in the same Figure 4.6.
The characteristic peak for NH stretching was clearly visible at 3325 cm™, and a symmetric
CH stretching linked to CH, groups was visible at 2924 cm™. The C=0 stretching and NH
deformations were associated with the absorption maxima at 1699 cm™ and 1459 cm™,
respectively. At 1031 cm™!, C-O-C stretching has been found. The absence of band associated
with phenolic “OH stretching vibration at 3506 cm™ in the synthesized WPUC clearly
indicated the insertion of curcumin into the PU chain. All the four spectrums have clearly

shown absorption peaks as nearby the same as above.
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Figure 4.6. ATR-FTIR spectra of curcumin and various synthesized WPUCs

4.3.4. Color fastness evaluation of WPUC-coated PE/C blend fabrics

CO-based WPUCs, synthesized by changing the mole ratio of curcumin, were
successfully coated to PE/C blend fabric using the dip coating technique. The effect of
washing, light, and rubbing on the color fastness of the WPUC-coated PE/C blend fabric
samples has been evaluated using the standard methods applied in the textile studies and
results are reported in the Table 4.5.

The results from the washing fastness experiment (1SO-1006-C03 (ISO 3)), which
encompassed the change assessments on shade and staining of the WPUC-coated PE/C blend
fabric samples, were compared to the ratings of uncoated PE/C blend fabric samples. The
results clearly revealed that the WPUC-coated fabric samples exhibited significantly
improved washing fastness properties compared to the uncoated fabric samples. As per the

ratings, the uncoated fabric samples attained shade and staining change ratings of 3. Notably,
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the fabric samples coated with WPUCs showcased shade and staining change ratings ranging
from 4/5 to 3/4 on the grayscale which considered the enhanced resistance against staining
and shade change. The improved color fastness to washing performance of the WPUC-coated
fabric samples compared to uncoated fabric samples can be attributed to the development of
an efficacious and stable WPUC coating layer on the fabric samples.

Table 4.5. Color fastness properties of WPUC-coated and uncoated PE/C blend fabrics

Sample Color fastness to Color fastness to  Color fastness to Rubbing

Washing Light Rating out of 5
Rating out of 5 Rating out of 8
Stain Shade-change Dry Wet

Uncoated 3 3/4 8 3/4 3
WPUCO 3/4 3/4 8 5 5
WPUCO.1 4/5 4/5 1 5 5
WPUCO.5 4/5 4/5 2 5 5
WPUCI1 4/5 4/5 2 5 5

Here, all the WPUC-coated PE/C blend fabric samples consistently demonstrated
improved results. This can be credited to the unique structure of WPUCs, which facilitates
enhanced hydrogen bonding with the OH groups present in the PE/C-based fabric. Hence, the
good interaction between the WPUC and PE/C blend fabric contributed to the enhancement
in the washing fastness properties (shown in Table 4.5).

The results of the impact of light on the colorfastness of the WPUC-coated and
uncoated PE/C blend fabrics assessed through BSI006:1987 technique are presented in Table
4.5. All the WPUC-coated fabric samples have shown a light fastness rating in the range of 1
to 2 due to the presence of curcumin. The poor light resistance for the color of the fabric is
obviously found because curcumin is a natural yellow dye and very sensitive to light,
specifically sunlight. When curcumin is exposed to sunlight, it can undergo
photodegradation, causing the color to fade or change. This sensitivity can lead to a reduction
in colorfastness to light in PE/C blend fabrics coated with WPUCs.

The color fastness to rubbing of the textile PE/C fabric samples after applying
WPUCs by changing the curcumin ratio was assessed using the standard BS1006; NOX
12:1978 techniques (shown in Table 4.5). The results demonstrated that WPUC-coated PE/C
fabric samples have a reasonable influence on rubbing fastness when compared to the
uncoated fabric. Uncoated samples had rubbing ratings of dry 3/4 and wet 3 out of 5, while
WPUC-coated fabrics have been shown best rubbing ratings of dry 5 and wet 5 out of 5. Such
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results clearly demonstrated that all of the WPUC-coated fabrics have shown good rubbing
fastness.
4.3.5. Air permeability of WPUC-coated PE/C blend fabrics

The air permeability of the fabric is defined as the rate of air flow passed through a
given area of the fabric under a specified pressure difference over a given period of time. The
fabric samples were measured for air permeability at a pressure of 100 Pa and 200 Pa. Table
4.6 shows the results of the air permeability measurements.

It is observed that uncoated fabric is highly permeable due to the presence of more
void spaces within the fabric. The complete resistance of air permeation was found at a
pressure of 100 Pa. As with the three layers of WPUC polymers coated on the PE/C blend
fabric, the formation of a continuous film on the fabric surface was shown at 100 Pa.
However, three coating layers were not sufficient to completely resist the permeation of air at
an air pressure of 200 Pa and show the air permeability of coated fabric between 166-512

litres/m?/hrs, which is still considered very low compared to uncoated fabric.

Table 4.6. Air permeability of the WPUC-coated and uncoated PE/C blend fabrics

Sample - Air Pfrmeability
(Liters/m-~/hrs.) at 200Pa
Uncoated 728
WPUCO 512
WPUCO.1 342
WPUCO0.5 206
WPUCI1 166

Here, such air permeation was found due to the formation of microcracking in the
coating of WPUC polymers. Here, the number of coating layers was increased to obtain
complete resistance to air permeation at 200 Pa, and it was observed with five layers of
WPUC coating. Therefore, the WPUC-coated fabrics with the five layers of coating can be
suitable for textile applications where high air resistance is required such as industrial filters,
tents, sailcloths, parachutes, tarpaulins, etc.

4.3.6. Mechanical properties of WPUC-coated PE/C blend fabrics
4.3.6.1. Abrasion Resistance

Abrasion resistance is the ability of a substrate to withstand wear caused by friction
with another surface.*> Table 4.7 shows the number of strokes required to abrade the cloth
surface at 12 KPa pressure. It can be observed that, at 925 abrasion strokes, the base PE/C
blend fabric is damaged. However, even after 10,000 abrasion strokes, the WPUC-coated
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fabric demonstrates abrasion resistance and was not torn. This indicates that prepared WPUC

polymers may significantly improve the abrasion resistance of the studied fabric.

Table 4.7. Mechanical properties of the WPUC-coated and uncoated PE/C blend fabrics

Abrasion Bending modulus (kg/cm?)
Sample (TZO 'kgastg:? Warp-wise Weft-wise
Uncoated 925 126.84 £2.61 119.45 +1.44
WPUCO >10000 1036.52 +33.17 844.24 +25.53
WPUCO0.1 >10000 1155.20 + 74.40 788.44 £70.81
WPUCO0.5 >10000 1081.07 £9.34  830.41 +11.33
WPUC1 >10000 1192.80 £9.44  840.52 +62.66

4.3.6.2. Bending modulus

The bending modulus is an indication of the stiffness of the fabric, a value
independent of the dimensions of the strip tested that may be regarded as the ‘intrinsic
stiffness’. It is a useful tool to compare the stiffness of fabric of different thicknesses and
weights. The bending modulus of prepared samples was evaluated as shown in Table 4.7.
The bending modulus of uncoated fabric was 126.86 kg/cm? and 119.45 Kg/cm? in warp-wise
and weft-wise directions, respectively. The bending modulus was raised after WPUC coating
in the range of 900-1070 kg/cm? in warp-wise direction and 665-725 kg/cm? in weft-wise
direction respectively. The rise in the bending modulus indicates the increase in stiffness of
the fabric after coating. This may be due to the penetration of WPUC dispersion within the
pores of the fabric and after drying the formation of continuous polymeric film on the surface
of the PE/C fabric. Apart from that, it was observed that bending modulus in warp-wise
direction for each fabric was higher than in weft-wise direction. This can be attributed to the
basic construction of fabric as the fabric is having blend ratio of 67/33 for PE/C blend fabric.
The enhanced material stiffness is relevant to various industrial applications such as industrial
filters, tents, sail cloths, parachutes, tarpaulins, etc. The increased stiffness falls within a
normal range suitable for the intended applications. This increased stiffness is anticipated to
enhance the material's performance without any adverse effects.
4.3.6.3. Tensile strength

Tensile strength is the measure of the force needed to break a sample. Table 4.8

shows the average tensile strength and elongation values along with their standard deviation.

Ph.D. Thesis / Vikash M. Ganvit Page 85



IBA Uy

@

e

ared i g,

uAtdn,

5
Toyyg 30 ¥

Chapter : 4

o

Table 4.8. Average tensile strength and elongation values of the WPUC-coated and uncoated
PE/C blend fabrics

Warp direction Weft direction

Sample Load SD*  Elongation  SD* Load SD* Elongation SD*
(N) (N) (%) (%) (N) (N) (%) (%)

Uncoated 369.80 22.10 22.90 00.64 | 281.96 03.15 29.85 02.10
WPUCO 346.32 12.86 19.63 00.84 | 277.48 29.37 33.58 02.64
WPUCO0.1 390.11 32.30 19.55 02.40 | 278.15 26.35 30.77 02.05
WPUCO0.5 364.68 14.76 20.07 01.98 | 249.39 22.60 31.24 01.75
WPUC1 378.27 09.05 21.41 00.97 | 285.03 24.26 25.71 02.33

*SD: Standard deviation
The load versus percentage elongation curves for each WPUC-coated and uncoated PE/C

blends fabric in warp-wise and weft-wise directions are shown in Figure 4.7.
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Figure 4.7. Comparison of Load-Elongation curve in (a) warp-wise and (b) weft-wise
direction

It can be observed that by treating the base fabric with prepared WPUCs polymers,
the tensile strength was initially increased and represented highest strength with WPUCs0.1.
However, the further increased in curcumin percentage leads to decrease in tensile strength of
the coated fabric. This can be attributed to higher amount of curcumin which makes the
material stiffer and if this polymer bound threads tightly within its structure, it results in
decline in tensile strength. The same trend was seen in weft-wise directions. Among the
coated fabrics, WPUCO.1 shows the highest strength in both directions. It can also be
observed that for each fabric, tensile strength is lower in the weft-wise direction compared to
the warp-wise direction.

This can be due to a higher number of threads contributing in the warp-wise direction

compared to the weft-wise direction, as the set of the fabric is 108 x88.
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4.3.7. Antibacterial activity of WPUC-coated PE/C blend fabrics

Curcumin is widely recognized as the safest and most potent antimicrobial substance.
Moreover, textiles like cotton and wool potentially hinder the growth of microbes by utilizing
curcumin.*®* To improve antimicrobial skin ointments and suspensions that offer better wound
dressing and skin protection, a blend of curcumin with various antimicrobial agents is used.**
Earlier studies validated that polyurethanes are biocompatible,*>*® and the this investigation
assessed the antibacterial potential of WPUC polymers based on CO and IPDI after applying
on PE/C blend.

The antibacterial investigations of the WPUC-coated and uncoated PE/C blend fabric
samples were performed using the selected gram-negative (E. coli and P. aeruginosa) and
gram-positive (S. aureus and B. cereus) bacteria. Here, each fabric sample was co-cultured
with 1 mL of bacterial suspension before enumeration. The results of the assessment are
reported in Table 4.9, and the visual images are shown in Figure 4.8.

It is observed that all the WPUC-coated fabric samples (WPUCO0.1 to WPUC1)
showed a bacterial inhibition rate of 83.12-99.9999% (p < 0.001), compared with blank
fabric. Notably, no colony-forming unit (CFU) counts were observed for E.coli, P.
aeruginosa, and S. aureus on the WPUC1 sample, suggesting the complete inactivation of the

bacteria except for B. cereus.

Table 4.9. Antibacterial activity of WPUC-coated and uncoated PE/C blend fabrics

CFU/ml after inoculation on 1x1 cm? fabric of each sample

Bacteria
Uncoated WF;UC %R ngijc %R ngc %R WPlUC %R

E.coli 1.28x10°®° 1.02x10® 20.31 2.16x10" 83.12 2.0x10° 99.84 1.49x10° 99.88
P.aeruginosa 2.32x10° 1.49x10° 35.77 2.48x10° 98.93 1.83x10° 99.21 2.59x10° 99.98

S.aureus 3.82x10° 2.39x107 93.74 3.62x10° 99.05 2.42x10° 99.93 2.94x10* 99.99
B.cereus 1.24x10° 2.48x10° 80.00 1.55x10° 87.50 1.06x10° 91.45 2.86x10° 99.76
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Figure 4.8. Antibacterial activity of the WPUC-coated and uncoated PE/C blend fabrics

Interestingly, the antibacterial effect of WPUC-coated fabric against E. coli, P.
aeruginosa, S. aureus, and B. cereus increases with increased curcumin content in WPUC
dispersion.*®

Curcumin may disrupt the integrity of bacterial cell membranes. Bacterial cell
membranes are composed of lipids, and curcumin's inherent antibacterial nature allows it to
interact with these lipids. This interaction can disrupt the structure and function of the cell
membrane, leading to leakage of cellular contents, loss of vital nutrients, and ultimately cell
death. This mechanism is thought to be effective against both gram-positive and gram-

negative bacteria, as both types of bacteria have cell membranes that can be targeted.

Ph.D. Thesis / Vikash M. Ganvit Page 88



Chapter : 4 @

4.4. References

)

(2)

3)

(4)

()

(6)

(7)

(8)

Adolph, E. J.; Guo, R.; Pollins, A. C.; Zienkiewicz, K.; Cardwell, N.; Davidson, J. M.;
Guelcher, S. A.; Nanney, L. B. Injected biodegradable polyurethane scaffolds support
tissue infiltration and delay wound contraction in a porcine excisional model. Journal
of Biomedical Materials Research — Part B: Applied Biomaterials 2016, 104 (8),
1679-1690. https://doi.org/10.1002/jbm.b.33515.

Dong, S.; Dong, J.; Wang, Q. Study on application of polyurethane as a thermal
insulation material for energy-efficient building. WIT Transactions on Engineering
Sciences2014, 88, 175-184. https://doi.org/10.2495/FEEM20130211.

Li, O.; Tamrakar, S.; lyigundogdu, Z.; Mielewski, D.; Wyss, K.; Tour, J. M.; Kiziltas,
A. Flexible polyurethane foams reinforced with graphene and boron nitride nanofillers.
Polymer Composites 2023, 44 (3), 1494-1511. https://doi.org/10.1002/pc.27183.
Moncur, M.; Hoo, L.; Sandlin, S. Transparent polyurethane protective coating, film and
laminate compositions with enhanced electrostatic dissipation capability, and methods
for making same. US9580564B2, February 28, 2017. https://patents.google.com
/patent/US9580564B2/en (accessed 2023-09-15).

Tenorio-Alfonso, A.; Sanchez, M. C.; Franco, J. M. Preparation, characterization and
mechanical properties of bio-based polyurethane adhesives from isocyanate-
functionalized cellulose acetate and castor oil for bonding wood. Polymers 2017, 9 (4),
132. https://doi.org/10.3390/polym9040132.

Howard, G. T. Biodegradation of polyurethane: A review. International
Biodeterioration & Biodegradation 2002, 49 (4), 245-252. https://doi.org/10.1016/
S0964-8305(02)00051-3.

Cai, J.; Murugadoss, V.; Jiang, J.; Gao, X.; Lin, Z.; Huang, M.; Guo, J.; Alsareii, S. A,;
Algadi, H.; Kathiresan, M. Waterborne polyurethane and its nanocomposites: a mini-
review for anti-corrosion coating, flame retardancy, and biomedical applications.
Advanced Composites and Hybrid Materials 2022, 5 (2), 641-650. https://doi.org/
10.1007/s42114-022-00473-8.

Xue, R.; Zhao, H.; An, Z.-W.; Wu, W.; Jiang, Y.; Li, P.; Huang, C.-X.; Shi, D.; Li, R.
K. Y., Hu, G.-H., Wang, S.-F. Self-healable, solvent response cellulose
nanocrystal/waterborne polyurethane nanocomposites with encryption capability. ACS
Nano 2023, 17 (6), 5653-5662. https://doi.org/10.1021/acsnano.2¢11809.

Ph.D. Thesis / Vikash M. Ganvit Page 89



(e IRAD Uy

Chapter : 4 @

iy

WA,

a&

e

Htgprg 0 ¥

(9) Aguirresarobe, R. H.; Nevejans, S.; Reck, B.; lrusta, L.; Sardon, H.; Asua, J. M,;
Ballard, N. Healable and self-healing polyurethanes using dynamic chemistry. Progress
in Polymer Science 2021, 114, 101362. https://doi.org/10.1016/j.progpolymsci.
2021.101362.

(10) Liu, W.-X.; Zhang, C.; Zhang, H.; Zhao, N.; Yu, Z.-X.; Xu, J. Oxime-based and
catalyst-free dynamic covalent polyurethanes. Journal of the American Chemical
Society 2017, 139 (25), 8678-8684. https://doi.org/10.1021/jacs.7b03967.

(11) Ghosh, B.; Urban, M. W. Self-repairing oxetane-substituted chitosan polyurethane
networks. Science 2009, 323 (5920), 1458-1460. https://doi.org/10.1126/science.
1167391.

(12) Nicholas, J.; Mohamed, M.; Dhaliwal, G. S.; Anandan, S.; Chandrashekhara, K. Effects
of accelerated environmental aging on glass fiber reinforced thermoset polyurethane
composites. Composites Part B: Engineering 2016, 94, 370-378. https://doi.org
/10.1016/j.compositesb.2016.03.059.

(13) Somarathna, H. M. C. C.; Raman, S. N.; Mohotti, D.; Mutalib, A. A.; Badri, K. H. The
use of polyurethane for structural and infrastructural engineering applications: A state-
of-the-art review. Construction and Building Materials 2018, 190, 995-1014.
https://doi.org/10.1016/j.conbuildmat.2018.09.166.

(14) Shi, C.-Y.; Zhang, Q.; Yu, C.-Y.; Rao, S.-J.; Yang, S.; Tian, H.; Qu, D.-H. An
ultrastrong and highly stretchable polyurethane elastomer enabled by a zipper-like ring-
sliding effect. Advanced Materials 2020, 32 (23), 2000345. https://doi.org/10.1002/
adma.202000345.

(15) Cheng, J.; Cao, Y.; Jiang, S.; Gao, Y.; Nie, J.; Sun, F. Synthesis and performances of
uv-curable polysiloxane—polyether block polyurethane acrylates for PVC leather
finishing agents. Industrial & Engineering Chemistry Research 2015, 54 (21), 5635-
5642. https://doi.org/10.1021/acs.iecr.5b00009.

(16) zhu, K.; Li, X.; Wang, H.; Fei, G.; Li, J. Properties and paper sizing application of
waterborne polyurethanemicroemulsions: effects of extender, cross-linker, and polyol.
Journal of Applied Polymer Science 2016, 133 (25). https://doi.org/10.1002/app.43211.

(17) Kang, S.-Y.; Ji, Z.; Tseng, L.-F.; Turner, S. A.; Villanueva, D. A.; Johnson, R.; Albano,
A.; Langer, R. Design and synthesis of waterborne polyurethanes. Advanced Materials
2018, 30 (18), 1706237. https://doi.org/10.1002/adma.201706237.

Ph.D. Thesis / Vikash M. Ganvit Page 90



(e IRAD Uy

Chapter : 4 @

iy

WA,

a&

e

Htgprg 0 ¥

(18) Matsunaga, K.; Nakagawa, K.; Sawai, S.; Sonoda, O.; Tajima, M.; Yoshida, Y.
Synthesis and characterization of polyurethane anionomers. Journal of Applied Polymer
Science 2005, 98 (5), 2144-2148. https://doi.org/10.1002/app.22385.

(19) Arshad, N.; Zia, K. M.; Jabeen, F.; Anjum, M. N.; Akram, N.; Zuber, M. Synthesis,
characterization of novel chitosan based water dispersible polyurethanes and their
potential deployment as antibacterial textile finish. International Journal of Biological
Macromolecules 2018, 111, 485-492. https://doi.org/10.1016/j.ijbiomac.2018.01.032.

(20) Li, S.; Lin, X.; Gong, S. Waterborne polyurethane assembly multifunctional coating for
hydrophobic and antibacterial fabrics. Cellulose 2022, 29 (13), 7397-7411.
https://doi.org/10.1007/s10570-022-04705-4.

(21) Bramhecha, 1.; Sheikh, J. Development of sustainable citric acid-based polyol to
synthesize waterborne polyurethane for antibacterial and breathable waterproof coating
of cotton fabric. Industrial & Engineering Chemistry Research 2019, 58 (47), 21252—
21261. https://doi.org/10.1021/acs.iecr.9b05195.

(22) Singh, P.; Rana, A.; Karak, N.; Kumar, I.; Rana, S.; Kumar, P. Sustainable smart anti-
corrosion coating materials derived from vegetable oil derivatives: A review. RSC
Advances 2023, 13 (6), 3910-3941. https://doi.org/10.1039/D2RA07825B.

(23) Panda, S. S.; Panda, B. P.; Mohanty, S.; Nayak, S. K. The Castor oil based water borne
polyurethane dispersion; effect of -NCO/OH content: synthesis, characterization and
properties. Green Processing and Synthesis 2017, 6 (3), 341-351. https://doi.org/10.
1515/gps-2016-0144.

(24) Liang, H.; Wang, S.; He, H.; Wang, M.; Liu, L.; Lu, J.; Zhang, Y.; Zhang, C. Aqueous
anionic polyurethane dispersions from castor oil. Industrial Crops and Products 2018,
122, 182-189. https://doi.org/10.1016/j.indcrop.2018.05.079.

(25) Liang, H.; Feng, Y.; Lu, J.; Liu, L.; Yang, Z.; Luo, Y.; Zhang, Y.; Zhang, C. Bio-based
cationic waterborne polyurethanes dispersions prepared from different vegetable oils.
Industrial Crops and Products 2018, 122, 448-455. https://doi.org/10.1016/j.indcrop.
2018.06.006.

(26) Sidra; Tabasum, S.; Zia, K. M.; Parveen, B.; Hussain, M. T. A Novel Water borne green
textile polyurethane dispersions finishes from cotton (gossypium arboreum) seed oil
based polyol used in modification of cellulosic fabrics. Carbohydrate Polymer
Technologies and Applications 2021, 2, 100170. https://doi.org/10.1016/j.carpta.2021.
100170.

Ph.D. Thesis / Vikash M. Ganvit Page 91



(e IRAD Uy

@

e

iy

e MAHAn
P
Ugyg 30

Chapter : 4

(27) Basuoni, A.; El-Sayed, H. Developing durable anti-static hydrophilic acrylic fabrics
with improved dyeability with cationic and anionic dyes. Emergent Materials 2023, 6
(4), 1339-1350. https://doi.org/10.1007/s42247-023-00525-9.

(28) Schindler, W. D.; Hauser, P. J. Chemical Finishing of Textiles; Elsevier, 2004.

(29) Naveed, M. Performance on antibacterial finishes for textile applications. TTEFT 2018,
2 (5), 1-10.

(30) Gulati, R.; Sharma, S.; Sharma, R. K. Antimicrobial textile: recent developments and
functional perspective. Polymer Bulletin 2022, 79 (8), 5747-5771. https://doi.org/10.
1007/s00289-021-03826-3.

(31) Nadagouda, M. N.; Vijayasarathy, P.; Sin, A.; Nam, H.; Khan, S.; Parambath, J. B. M.;
Mohamed, A. A.; Han, C. Antimicrobial activity of quaternary ammonium salts:
structure-activity relationship. Medicinal Chemistry Research 2022, 31 (10), 1663—
1678. https://doi.org/10.1007/s00044-022-02924-9.

(32) Zhao, T.; Chen, Q. 9 - Halogenated phenols and polybiguanides as antimicrobial textile
finishes. In Antimicrobial Textiles; Sun, G., Ed.; Woodhead Publishing Series in
Textiles; Woodhead Publishing, 2016; pp 141-153. https://doi.org/10.1016/B978-0-08-
100576-7.00009-2.

(33) Tanasa, F.; Teaca, C.-A.; Nechifor, M.; Ignat, M.; Duceac, I. A.; Ignat, L. Highly
specialized textiles with antimicrobial functionality—advances and challenges. Textiles
2023, 3 (2), 219-245. https://doi.org/10.3390/textiles3020015.

(34) Alok, A.; Singh, I. D.; Singh, S.; Kishore, M.; Jha, P. C. Curcumin — pharmacological
actions and its role in oral submucous fibrosis: A review. Journal of Clinical and
Diagnostic Research 2015, 9 (10), ZEO1-ZEOQ3. https://doi.org/10.7860/JCDR/2015/
13857.6552.

(35) Ahmad, R. S.; Hussain, M. B.; Sultan, M. T.; Arshad, M. S.; Waheed, M.; Shariati, M.
A.; Plygun, S.; Hashempur, M. H. Biochemistry, safety, pharmacological activities, and
clinical applications of turmeric: A mechanistic review. Evidence-Based
Complementary  and  Alternative Medicine 2020, 2020, £7656919.
https://doi.org/10.1155/2020/7656919.

(36) Fu, Y.-S.; Chen, T.-H.; Weng, L.; Huang, L.; Lai, D.; Weng, C.-F. Pharmacological
properties and underlying mechanisms of curcumin and prospects in medicinal
potential. Biomedicine & Pharmacotherapy 2021, 141, 111888. https://doi.org/10.1016/
j-biopha.2021.111888.

Ph.D. Thesis / Vikash M. Ganvit Page 92



(e IRAD Uy

Chapter : 4 @

iy

WA,

a&

e

Htgprg 0 ¥

(37) Hewlings, S. J.; Kalman, D. S. Curcumin: A review of its effects on human health.
Foods 2017, 6 (10), 92. https://doi.org/10.3390/fo0ds6100092.

(38) Rahman, M. M.; Kim, M.; Youm, K.; Kumar, S.; Koh, J.; Hong, K. H. Sustainable one-
bath natural dyeing of cotton fabric using turmeric root extract and chitosan biomordant.
Journal of Cleaner Production 2023, 382, 135303. https://doi.org/10.1016/j.jclepro.
2022.135303.

(39) Arshad, N.; Zia, K. M.; Hussain, M. T.; Zuber, M.; Arshad, M. M. Synthesis of novel
curcumin-based aqueous polyurethane dispersions for medical textile diligences with
potential of antibacterial activities. Polymer Bulletin 2022, 79 (9), 7711-7727.
https://doi.org/10.1007/s00289-021-03871-y.

(40) Li, M.; Qiang, X.; Xu, W.; Zhang, H. Synthesis, characterization and application of afc-
based waterborne polyurethane. Progress in Organic Coatings 2015, 84, 35-41.
https://doi.org/10.1016/j.porgcoat.2015.02.009.

(41) Wang, H.; Hao, L.; Wang, P.; Chen, M.; Jiang, S.; Jiang, S. Release kinetics and
antibacterial activity of curcumin loaded zein fibers. Food Hydrocolloids 2017, 63, 437—
446. https://doi.org/10.1016/j.foodhyd.2016.09.028.

(42) Textor, T.; Derksen, L.; Bahners, T.; Gutmann, J. S.; Mayer-Gall, T. Abrasion
resistance of textiles: gaining insight into the damaging mechanisms of different test
procedures. Journal of Engineered Fibers and Fabrics 2019, 14, 1558925019829481.
https://doi.org/10.1177/1558925019829481.

(43) Han, S.; Yang, Y. Antimicrobial activity of wool fabric treated with curcumin. Dyes and
Pigments 2005, 64 (2), 157-161. https://doi.org/10.1016/j.dyepig.2004.05.008.

(44) Varaprasad, K.; Vimala, K.; Ravindra, S.; Narayana Reddy, N.; Venkata Subba Reddy,
G.; Mohana Raju, K. Fabrication of silver nanocomposite films impregnated with
curcumin for superior antibacterial applications. Journal of Materials Science:
Materials in Medicine 2011, 22 (8), 1863-1872. https://doi.org/10.1007/s10856-011-
4369-5.

(45) Zia, K. M.; Zuber, M.; Bhatti, I. A.; Barikani, M.; Sheikh, M. A. Evaluation of
biocompatibility and mechanical behavior of polyurethane elastomers based on
chitin/1,4-butane diol blends. International Journal of Biological Macromolecules 2009,
44 (1), 18-22. https://doi.org/10.1016/j.ijbiomac.2008.09.011.

(46) Zia, K. M.; Zuber, M.; Bhatti, I. A.; Barikani, M.; Sheikh, M. A. Evaluation of
biocompatibility and mechanical behavior of chitin-based polyurethane elastomers.
part-ii: effect of diisocyanate structure. International Journal of Biological
Macromolecules 2009, 44 (1), 23-28. https://doi.org/10.1016/j.ijjbiomac.2008.11.002.

Ph.D. Thesis / Vikash M. Ganvit Page 93



	CHAPTER
	4.1. Introduction
	4.2. Experimental
	4.2.1. Materials
	4.2.2. Methods
	4.2.2.1. Synthesis of WPUCs dispersions
	4.2.2.2. Coating of WPUCs on PE/C blend fabric

	4.2.3. Characterization
	4.2.3.1. Physical characteristic
	4.2.3.2. Dispersion size distribution
	4.2.3.3. Structural characterization
	4.2.3.4. Fastness Properties of WPUC-coated PE/C blend fabrics
	4.2.3.5. Air permeability of WPUC-coated PE/C blend fabrics
	4.2.3.6. Mechanical properties of WPUC-coated PE/C blend fabrics
	4.2.3.7. Antibacterial activity of WPUC-coated PE/C blend fabrics


	4.3. Results and discussion
	4.3.1. Physical characterization of WPUC dispersions
	4.3.2. Particle size distribution and zeta potential of WPUC dispersions
	4.3.3. Structural characterization of WPUC films
	4.3.4. Color fastness evaluation of WPUC-coated PE/C blend fabrics
	4.3.5. Air permeability of WPUC-coated PE/C blend fabrics
	4.3.6. Mechanical properties of WPUC-coated PE/C blend fabrics
	4.3.6.1. Abrasion Resistance
	4.3.6.2. Bending modulus
	4.3.6.3. Tensile strength

	4.3.7. Antibacterial activity of WPUC-coated PE/C blend fabrics

	4.4. References

