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Abstract

Polyester is the most widely used material for both textile anefiboous applications. The
major potential applications are high mechanical strength, good stretghdiekit stability,

rapid drying, wrinkle resistance and resistance to usual organic solvents. The inherent
hydrophobic nature of the polyester products are lacking water and moisture wicking, poor
adhesion properties and ability to develop static charfje.riodification of surface of the
polyester by low concentration alkaline hydrolysis with NaOH in aqueous finishing bath
under hot drying conditions is explored in this study. Moreover the surface of polyester film is
modified by synergistic effect of suipric acid and sodium hydroxide in order to achieve
hydrophilic surface with improved adhesion. The use of chemicals allows the surface
hydrophilization of polyester at conventional pdy stenters without use of any
sophisticated equipment that is ragdi by most of the physical modifications (like plasma,
corona, ozone etc).

The surface hydrophilizationf polyester fabric is done by low concentration of sodium
hydroxide. The time of treatment, curing temperature and concentration of sodium hydroxide
played very important role in getting better wicking rate and stability of the treatment. The
weight lossof the fabric is minimized through the low liquor ratio pdt¢ method of
application. The use of hygroscopic agents like glycerin and urea at elevated temperatures has
contributed to retain humidity during hot dry reaction conditions. The weight |das lisss

than the high liquor ratio alkali treatment of polyester fabric. In this work optimization of
parameters for getting higher vertical wicking rate and less surface scission through weight
loss has been achieved by varying concentration of sodiwhroxige (20, 35 and 50 g/l),
time of treat ment (2, 4, and 6 minutes) and
the stability of the surface hydrophilization is evaluated at different temperatures by placing
for longer times. The hydrophilized pelster fabric surface shows good stability at different
temperatures and in comparison with plasma and ozone surface hydrophilic treatment. The
activated polyester fabric shows good fastness against number of washing cycles. The surface
morphology and chermal characterization of the hydrophilized polyester fabric is measured

by Scanning Electron Microscope (SEM)-r&y Photoelectron spectroscopy (XPS) and
Brunauer Emmett Teller (BET).

The polyester film is hydrophilized with strong sulphuric acid solutiod @llowed by low
concentration alkali solution to evaluate the surface wettability and adhesion properties. The
super hydrophilic surface is obtained at 80 % sulphuric acid and 50 g/I sodium hydroxide
agueous solution treatment. These treatment conditiore the polyester film surface with
lowest water contact angle and high SFE values with good adhesion properties. The presence
of hydroxyl groups on the surface with significant decrease in the surface energy has been
confirmed through contact angle nsaeements. The SEM, BET analysis angé€kl data
obtained by the polyurethane resin has indicated the increase in adhesion strength after
chemical treatment and improvement of adhesion by thermoset resin can be attributed to the
increase in surface wettdiby and roughnessue to the surface modification.

Key words: Polyester, hydrophilized surface, optimization, stability, vertical wicking,
wettability, roughness
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1 Introduction

Polyethylene terephthalate (PET) is one of the most important and widely used material in
both textile industry for its apparel applications and in nonfibrqyslications. They have
properties like easy care, high strength, suitability for blending with other hydrophilic fibers,
dimensional stability, thermal and chemical resistance, these properties make polyester fibers
useful for versatile applications ihé textile industry. Polyester fibers have taken the major
position in textiles all over the world but they have some drawbacks like low moisture regain,
static electricity accumulation, poor soil release properties, formation of pills on the garment.
Resarch work is done in order to minimize the abovementioned deficiencies in the polyester
by the controlled alkali treatment of the polyester fibers and fatiresigh exhaust method

[1-3] and hydrolysis of PET by strong acid or ald], armine treatmen{5], alcholysis[6]

and treatment by various radiations including plafm8].

The modification of polyester surface is field to achieve hydrophilicity and surface that has
specific characteristics to be used to provide better suitability for the use of adlj@kives
biomaterialg10] and protective coatingd.1]. The strong acid causes micro scale roughness

on the surface of PET that can then be used for further treatment of the polyester. In this study
the acid treatment of polyester is done and then followed by alkaline hydrolysis afiedt

on contact angle and surface energy is studied.

Polyester is hydrolyzed by aqueous sodium hydroxide and undergoes nucleophilic
substitution reaction as hydroxyl ion attacks carboxyl carbon of polyester following the chain
scission results in pduction of hydroxyl and carboxylate end groups. This attack occurs at
surface of fiber and loss in weight of fiber occ{itg]. The weight reduction of polyester
fabricis usually done by the exhaust method under high liquor [E8idL4]. This leads to the
longer cycle time and more weight loss of the polyester fabric. The padding technology is a
well-known process in the field of polyester and cotton fabric processing. The padding and
drying technology involve the use of less liquor anigher production rate at high
temperature. The padding technology in dyeing and finishing of polyester is widely used in
order to save the liqguor and achieving more smooth fabric properties with high reproducibility
[15]. The alkaline treatment of polyester fabric is carried out by padding method with the
objective to study the effect of different treatment conditions on the wetting and physical
characteristics of polyester fabric.

2 Purpose and aim of the thesis

Thenontavailability of surface polar groups in polyester leads to the high hydrophobicity, low
moisture regain, static charge accumulation, low wettability and poor adhesion properties.
The alkaline hydrolysis of polyester by sodium hydroxide is a-kreslvn method in order to

create some polar groups on the surface of polyester that leads to the improvement in the
wettability of polyester fabric. This alkali treatment is usually done by exhaust method that
leads to the longer time of treatment, high liquatia, more weight loss and low
reproducibility. The control of conditions such as time, temperature and concentration of
alkali is necessary for nestestructive modification of polyester. Padding and drying
technology is used to for fabric alkaline hydma/ and its effect on wetting properties is



studied. The combined effect on wetting properties by strong acid followed by alkali
treatment on polyester film is also studied. The main aims of the study are as follows:

1 To study the effect of different hygraspic agents on alkali treatment of polyester
fabric by Paddry method

1 To optimize parameters for surface hydrophilization of polyester fabric by dry heat
fixation method

1 Performance and durability of optimized pawy heat sodium hydroxide treated
polyeser fabric at different temperature conditions

1 Development of super hydrophilic surface of polyester film by combined acid and
alkali treatment

3 Overview of the current state of problem

The alkali treatment of the polyester fibers and fabrics by the usaustic soda imparts
hydrophilicity to the treated substrate but in the process the polyester losses weight due to the
hydrolysis by caustic sodd6]. The caustic soda treatment of polyester fibers and yarns is
usually done by exhaust method that involves treatment of polyester at boil and longer time of
treatment. The hydrophilic properties are achieved by the controllingcdhditions of
treatment and concentration of the caustic soda. This treatment method contributes to the loss
in weight and strength of the treated polyester substfh?ed.8]. The caustic treatment also
contributes to the functionalization of the polyester fabric for in cooperation of the particles
for improving properties like M blocking etc[14]. H. Tavanai has thoroughly investigated

the weight redction phenomena of polyester fabric and its effects on the fabric handle
propertied16].

Structural modification of polygsr fiber can influence the hydrophilic properties due to
efficient moisture transport and release mechanism. Moisture can remain in theectass

of the fiber, in the void space within a yarn, and void space created by the yarn crossover in
the wovenand knitted fabrics. Moisture regain of fabric depends on the air permeability,
independent of fiber type. However, capillary wicking of water largely depend on the degree
of hydrophilicity of individual polyester fibef19-21]. When the liquid wets the fibres, it
reaches the spaces between the filres produces a capillary pressure. The liquid is forced

by this pressure and is dragged along the capillary due to the curvature of the meniscus in the
narrow confines of the por¢22]. The kinetics of wicking and liquid diffusivity in the porous
textiles is determined by different modgks-27].

In addition to tle chemical processing route, the hydrophilicity of polyester can also be
increased by improved fiber or yarn design. Use of microfibers instead of regular fibers can
significantly improve the moisture management of polyester. The improved design of
polyeser filament with a hollow structure, which significantly improved the breathability,
water absorption, and release 1{&8, 29].

The adhesive buling of solids has been associated with their surface energies and an
improvement of adhesion usually involves ways to increase surface energy, one of the most
effective ways being to chemically change the functional groups at the polymeesditfigc

mog common are surface graftifg@Q], UV irradiation [31] and wet chemical reaction.
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Alkaline hydrolysis is one of the most rapid methods to modify the chemical and physical
characteristics of a polyester

4 Used Methods, study materials

The fabric used in this study was lab grade 100 % polyesterGSM 165 with equal warp

and weft density of 20 threads per cm. The fabric was treated with hot water in order to
remove any wax and dirt. Laboratory grade caustic dtales wereused for caustic
treatment of the samples and laboratory grade aaettt was used to neutralize the fabric
after the caustic treatment. Lab grade Glycerin and urea is obtained from Sigma Aldrich.

Commercial polyester film of 30 Wsuppliedbyt hi ckn
DUPONT. The selected materialhgso od properties high melting
good mechanical strength, plasticity and intrinsic low surface energy makes it a potential
material for chemical surface modification. Caustic soda flakes, ethyl alcohol, acetic acid and
sulphuric acidf highest purity are obtained from Sigma Aldraxd used as received.

4.1 Alkali surface hydrophilization of polyester fabric

Polyester samples were impregnaite@¢austic soda solution abncentrations (20 g/l and 50

g/l) and then padded at the pickup of 80%. The experiments are conducted, one to see the
effect of concentration, time and temperature of treatment. The schematic diagram of the
method for conduction of experiments is showrfigure 1. Second set of experiments are
conducted with the addition of 50 g/ ur e a
Standard treatment (NaOH 50 g/l , time 30 min
comparison. The glycerin treaémt is also carried out by pad dry method in the similar way

as the sodium hydroxide treatment is donke technique used for alkali treatment is the
impregnation of polyester fabric in padding bath and then drying under tension state at fixed
width. Thepurpose of fixing the width of fabric is to minimize the effect of shrinkage that can
occur during high temperature hot dryirfter padding and drying the fabric samples were
rinsed and neutralized with acetic acid until all the caustic soda is removedhfe samples.

All the treated samples were dried in ambient air followed by conditioning and testing.

EWATS

Padding Heat Treatmen Conditioning

(Testing)

Figure 1. Scheme of treatment for polyester fabric



4.2 Optimization of treatment parameters for alkali Hydrophilized polyester

The polyester fabric is first treated with nmmic detergent followed by hot water in order to
remove any dirt, dust and wax. The fabric was then dried, stabilized and conditioned. The
sodium hydroxide treatment effect is studied under threeblasia

1 Sodium Hydroxide Concentration (SHC)
1 Time of Treatment (TIME)
1 Temperature for treatment (TEMP)

Three levels of sodium hydroxide concentration are selected that are 20 g/l, 35 g/l and 50 g/l.
Three different levels of treatment time (2, 4 and 6 msjusnd three different levels of
treatment temperature (13CQ, 150¢C and 170&C). The optimization was performed using
Box-Behnken design and response surface timggleinder three levels and three factors as
mentioned in table IThe mathematal relationship between the threelependent variables

and the response is approximated by the second orbyeopaal as given in equation (1) and
equation (2

Tablel. Selected factors and levels for sodium hydroxide treatmeityester fabric

Number of Factors Levels
[] [0] [+]
SHC (g/l) 20 35 50
TIME (min) 2 4 6
TEMP () 130 150 170

fm>rm «m) kv ©8Y08 &8YOL O®8BYOD s & 8Y'08

@ 8YOD O® 8YODL D @ 8YO8YOD O 8Y0OEYOD 0 & 8Y0U8FOU 1)
T > el |w ®@BY'06 HBYOD 0DBYOD 0 ¢ 8Y06

w 8Y0D O 8YOD 0 & 8YOEYOD O 8Y'OEYOD 0 & 8Y0I8¥OD U (2)

Where® and aremodel constantX;, Xp, X3 and®, @, @ are linear coefficients)d , @ ,

@ and® ,® ,® are cross product coefficients atdd , &0 ,® and® ,® ,® arethe
quadratic coefficients. The coefficients of main effect and two factor interaction effect are
estimated from the experimental results using the emadtical software package MINITAB.

4.3 Characterization of hydrophilized polyester

Capillary rise measurements (Wicking)

The rise of liquid in the fabric is measured according to the AATCC 197 mefhuad.
samples were placed vertically with the lower engdgpin a thin layer of a 1 % solution of
methyleneblue dye that has no affinity towards synthetic fibessshavn in Figure 10. The
apparatusvas set in a closed chamber in order to keep a saturated vapor atmophdtae



coloration of dyesolution on whitefabric clearly indicated the height of cdipry rise, and a
ruler marked off in milineters assembled along the falrén make the height measurement
easier.Height readings were recorded 20 minutes after the fabricdvpged in the liquid.
Each measurement was carried out 5 times and the aveeaght values were regarded as the
final results

Percentage weight loss

The weight of the fabrisamples that were treated with the alkali were measured before and
after the treatments wusing an electrothai c bal
percentage weight loss was calculated using the following formula

001 GQEOSATENE | —— p T T €)

Where W, and W, are weights of the fabric samples before and after the alkali treatment
respectively.

X-Ray photoelectron spectroscopy (XPS) analysis

XPS measurement is performed on machine by Omicron Technology. Monochromatic
primary radiation is used. The measurement is done in CAE mode with constant pass energy
for surveillance of 50 [eVjand 20 [eV] spectrum. It is done for detail measurement of
individual line spectra.

4.4 Surface treatment of polyester film

The polyester film is immersed in alcohol water solution (1/1, v/v) for 2 hours in order to
remove any dirt or oil for clean surfacénsed with distilled water and then dried at room
temperature for 24 hours. For hydrolysis reaction by acid the film is immersed in solution of
sulphuric acid for specific time of treatment at room temperature. Two concentrations of
sulphuric acid, 75 % ah80 %, are used for the treatment of film. The time of treatment for
80 % concentration of sulphuric acid is 3 sec and for 75 % concentration of sulphuric acid is 2
min. After this treatment the samples are rinsed and dried at room temperature forsl2 hour
The acid treatment is followed by alkake#tment of samplédsr time of treatment (30 sec, 1,

2, 4 16mi6) ét temperature of 96C. Alkali treatment is followed by neutralization of
samples by 5 % solution of acetic acid followed by rinsing and drying at room temperature
overnight. All the samples are conditioned and then measurements are carried out. The
schematic diagram of treatmesf samples is shown in figure 2.

4.5 Characterization of polyester film

Contact angle measurements

The surface wettability is evaluated using the sessile drop method and measurements are
carried out on Advex instrumer(figure 3 using 5 Ol cohtact andlei qui d
measurements. This measurement is used both to assess the wettability of the polymer film
and critical surface energy measurements. Each sample is measured 10 times for liquid at
room temperature and the contaaglen(CA) values are averaged



Acid Treatment Washing

Washing Neutralization Conditioning

Sodium
Hydroxide
Treatment

Analysis
(Testing)

Figure 2. Scheme of treatment for polyester film

Ned Bat

Figure 3. Advex instrument setup for contact angle measurement

Evaluation of surface free energy

The surface free energy of the modified polyester film is evaluated by using three liquids
(distilled water, ethylene glycol, and diiodomethane) of known surface tension. The liquids
are supplied by Aldrich and are used without further purification. Seititsion components
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of liquids are reported in Table 2. Surface free energy (SFE) and critical surface tension is
calculated by using the models proposed by Ow#aadt, LENeumann and Zisman. These
methods allow to calculate the surface free energy uainigast two liquids. The results
obtained by one, two and three methods are combined according to the requirement of each
method.

Table2. Sol vent surface ten®ion components

Liquid o Joi po !

Water 22.1 50.7 72.8
Ethylene Glycol 30.1 17.6 47.7
Diiodomethane 44.1 6.7 60.8

Evaluation of surface (Scanning Electron Microscope)

The surface changes after the treatment of acid and sodium hydroxide are observed by
Scanning Electron Microscope (SEM) at higésolution. SEM is less surface sensitive as
compared to other techniques and it is a ‘@sthblished tool to observe the surface
topography of the treated samples.

T-Peel test of adhesion

T-peel tests of adhesion are carried out on both untreated atddtreamples on SANS
universal testing machine with load cell of 30 kN and peel speed of 10 mm/min according to
ASTM D 187601 on rectangular specimens. Polyurethane resin is applied in order to join the
treated substrates. Polyurethane resin is selentedder to test the change in surface free
energy of the polyester substrate. The isocyanate present in the resin can react with the
carboxylate ions generated after the sodium hydroxide treatment on the polyester film surface.
A static load is applied othe ends of the resin bonded substrates for a week at room
temperature. The-peel strength is determined on average of three samples.

Determination of specific surface area

The surface area is quantified by using the method developed by Brunauer, Enadmiettier

(BET method) which is an extension of Langmuir theory of monolayer adsorption to
multilayer adsorption. The BET analysis is performed Autosorb 1Q, Quantachrome
instrument, USA. The specific surface area is determinedNbyabsorption desorption

isotherm at 77.35 K with relative pressure range @ 0.02 to 1, whereHs the saturated

pressure of nitrogen gas at 77.39KAtm). The samples are pter eat ed i n an ove
for at least 5 hours and outgassed overraght 150 ¢ C.

Thermal properties

Thermal propertiesf the polyester film samples under investigation are evaluated in order to
determine the thermal changes in the treated samples with heat flow. For the measurements a
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DSC 220 high sensitivity Differentigdcanning Calorimeter is used with temperature rise of
10 eC/ min under nitrogen flow and temperatur

5 Summary of the results achieved

5.1 Alkaline hydrolysis (Polyesterfabric sodium hydroxide and uea Treatment)

The figure 4illustrates the surface morphology of the untreated and alkali treated polyester
fabric samples. The SEM micrograph of untreated polyester fabric hastailhe smooth

surface. In theifure 4(b) there is small pitting on the surface of théypster fabric after the

treatment with 20 g/l NaOHn figure 4(c) the pitting is more evident when saponification of
polyester fabric is done with NaOH (50 g/Mhe figure4 (d) is the clear evidence of the

alkaline hydrolysis of the polyester fabriftea standard treatment for 30 min with caustic
soda. The polyester fabric | osses more weigt
with caustic soda as compared to the only small surface pitting when treated with caustic soda

by padding method.

(@) (b)

(©) (d)

Figure 4. (a) Untreated Polyester fabric, (b) Polyester fabrickhd y wi t h Na O
(c) Polyester fabric Padiry withNaOH( 50 g/ 1) at 150 Ac, (d
(50 g/1) at 90 AC for 30

H (20 g/l

) Pol yest
mi n

XPS is an extremely surface sensitive method allowing us to identify and quantify the

chemical elements in the surface region of a solid and give information dinthieg states

of these elements, their oxidation nuwerd or functionalities. The spectra obtained by XPS

measurement is the result of number of photoelectron incident on the specimen surface that

are recorded as the function of binding energy with thagg@resent on the surfaddere is

12



change in the surface functionality and surface groups when polyester fabric is alkali treated.
Figure 5 illustrates thaté percentage of-O groups in te surface ard0 % in the alkali
treated polyester, which isdltlear evidence of the surface hydrolysis of polyester fabac aft
alkali treatment.

10!

| Name Pos. FWHM %Area
0| =0 28801 1900 560

28376 1823 4006
CH2- 28444 1777 4120

T — T T —
300 206 292 288 284 280 276
BindingEnarzy (V)

Name Pos. At%
Cls 28488 789
Ols 53128 21.01

40 )
~

¢}

C1s

LI L B S B B e B s s e e B B e e
600 500 400 300 200 100 0
Binding Enerqy (eV)
Vzorek 2

Figure5. XPS micrograph of polyester fabric treat

Loss in weight

The results percentage weight I¢$sWL) of 100 % polyester fabric treated with NI@50

g/l) are shown in figure 6L he results of the study show that the weight loss has registered an
increasing trend as the treatment time and temperature increases. When the fabric is treated
without theaddition of urea the weight loss is slightly more as it is reached to 6.78 % at the
treatment time of 8 min. The weight loss is higher when polyester fabric is treated with
standard caustic treatment at boil with increase in time of treatflatPaddry samples

show very little weight loss when compared with the standard technique of polyester
treatment with sodium hydroxide. The fabric weight loss also increases with the concentration
of caustic soda increases from 20 g/l to 50 g/I.

13
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Figure 6. Effect of treatment time and temperature on Percentage Weight loss after NaOH treatment
Wicking

The wicking behaviour of polyester fabric treated with caustic sdaown in figure 7The
wicking of untreated sample is only 15 mim figure 7the wicking is relateavith the time of
treatmenbf the fabric. It is quiet noticeable that the wicking height shows increasirdydsen
the wicking height shows increasing trend when concentration of sodium hydroxide is
increased from 20 g/l to 50 g/l witle increasing treatment time. The maximum wicking
height for both the samples whether caustic treated with padding method atahdsrd
treatment is 90 mm and 95 mm respectively. The alkali treatment of the polyester fabric in
both conditions causes partial hydrolysis of the polyester yarns which causes the capillary

formation with in the bundle of fibers that may be the reasdoetitr wickability than the
untreated polyester fabric.
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Figure 7. Effect of treatment time on wicking height of polyester fabric

5.2 Optimization of Alkali treatment parameters

The alkali treatment parameters are estimated $igguhe Box Belnken experimental
design, thirty runs with appropriate combitians of NaOH concentration, Time and
temperature of treatmemtere conductedlhe results for percentage weight loss and vertical
wicking are given in table 3. The alkali like sodiuhydroxide causes the surface
hydrophilization of polyester fabric leading to the potential hydrophilic groups on the surface
of the polyester. The low concentration alkali treatment by padding under controlled
conditions causes the increase in the wiclkdnd weight loss of the fabric. The weight loss by

this padding method is far less than the general standard method at longer cycles of the alkali
treatment. The experimental results in the table were fittead ftol quadratic second order
model by applyng multipleregression analysis using MINITA&ftware.The one repetition

of the selected experiments is also include in the design in order to minimize the experimental
errors that occurs during the performance of the experiment runs. The model equations
representing percentage weight loss and wicking are expressed in terms of SHC, TIME and
TEMP for actual values ofariables as given in equation 4 and 5

tm > m- <@l k< v& v Mm@ @Y06 mg may 0 Ondr n&YO ! 0
8t Y06 Tt o8O0 'O T8t NFYO D O 18 MAYOEY0DH O
81 I§Y"08Y0 U 0 18t &) '0i8FO i O (4)
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Table3. BoxBehnken design showing obtained properties of hydrophilized polyeser fabric

Run Sodium hydroxide Time Temper at | Percentage weigh| Vertical Wicking
concentratiorig/l] [min.] loss [mm]
1 20 6 150 1.25 40
2 20 4 130 1.09 35
3 35 2 130 2.16 45
4 35 6 170 3.43 75
5 20 2 150 1.18 40
6 50 6 150 4.92 90
7 35 2 170 2.24 75
8 35 2 170 23 75
9 20 6 150 1.25 40
10 20 4 170 1.48 40
11 35 4 150 2.76 80
12 35 2 130 2.52 45
13 50 4 170 5.38 90
14 20 4 130 11 35
15 50 6 150 5.06 90
16 35 6 130 2.67 75
17 50 4 130 4.45 43
18 35 4 150 2.94 80
19 20 2 150 1.14 40
20 35 4 150 3.02 80
21 35 6 170 3.38 80
22 50 2 150 4.52 85
23 35 4 150 2.97 80
24 50 2 150 4.47 85
25 35 4 150 3.04 80
26 35 4 150 2.9 75
27 35 6 130 2.36 75
28 20 4 170 1.45 40
29 50 4 170 5.32 90
30 50 4 130 4.4 45

For the estimation of significance of the model, the analysimpénce and the-test were
carried out. The corresponding variables would be more significant when the absedilite F
becomes greater and thevalue (significance probabilityalue) becomes smaller. Using 95

% confidencdevel, a model is considereddhly significantif the p-value is less than 0.05.
From the pvalue presented in table 4 and 5, it can be concluded that the linear, quadratic and
interaction contributions for both percentage weight loss and vertical wicking are highly
significant. The oefficient of determination is found to be 96.82 % for percentage weight loss
model and 87.19 % for vertical wicking modilatmeans that the model could explain 96.82

% and 87.19 % of the total variations in the system.
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Table4. Estimation of significance of model for percentage weight loss

Degree of Sum of
Mean Square
Source Freedom Squares [MS] F-value p-value
[DF] [SY
Regression 9 53.87 5.98 170.7 0.001
Linear 3 53.06 17.69 942.67 0.003
Quadratic 3 0.485 0.162 4.62 0.013
Interaction 3 0.787 0.26 7.49 0.002
Residual error 20 0.701 0.035
Lack of fit 3 0.105 0.04 1.00 0.418
Pure error 17 0.59 0.035
Total error 29 54.57

Table5. Estimation of significance of model for vertical wicking

Degree of Sum of
Mean Square
Source Freedom Squares [MS] F-value p-value
[DF] [SS
Regression 9 11849.9 1316.66 41.54 0.001
Linear 3 8023.6 2674.54 84.38 0.001
Quadratic 3 2595.2 865.05 27.29 0.001
Interaction 3 1231.1 410.37 12.95 0.001
Residual error 20 634.0 31.70
Lack of fit 3 598.6 199.54 96.01 0.001
Pure error 17 35.3 2.08
Total error 29 12483.9

The statistical significance of the each factor as a functionvalye (at 95 % confidence)
based on the analysis of the variance of data is shown in table 6. From the analysis of variance
it is evident that the percentage weight loss and wicking arefisantly affected by the
surface hydrophilization parameters for polyester fabric bydsgdnethod under the tension
state.The development of carboxyl groups after the alkali treatment of polyester fabric causes
the hydrophilicity to increase and waterrise in the capillaries of the fabric in connection
with water loving groups present on the surface of the polyester fabric.b@hayiouris
attributed to the gradual reaction of sodium hydroxide with the polyester that leads to the
surface pitting @ occur by hydrophilization reaction. The three factors under study have a
pronounced effect on the weight loss and vertical wicking of the polyester fabric. The results
has indicated that among the three concentrations of sodium hydroxide the 50 gthgives
best results for the vertical wicking of the under study substrate.
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Table6. Analysis of variance for effect of input variables on response variables

Terms Percentage weight loss Vertical wicking [mm]
Coeff. p-value Coeff. p-value
SHC 1.786 0.000 19.25 0.000
TIME 0.182 0.001 4.69 0.003
TEMP 0.253 0.000 10.44 0.000
SHC 0.188 0.013 -15.65 0.000
TIME? -0.152 0.038 0.23 0.913
TEMP* -0.042 0.540 -11.27 0.000
SHC.TIME 0.101 0.142 1.25 0.537
SHC.TEMP 0.138 0.049 10.25 0.000
TIME.TEMP 0.262 0.001 -6.88 0.003

With the helpof response optimizer in MINITABoftware, set of optimized parametdor
both percentage weight loss and vertical wickangcalculated and given in Table.13

Table7. Optimum values of hydrophilization parameters

SHC (g/l) TIME (min) TEMP €C) Percentage Weight Loss Vertical Wicking [mm]

40.5 4 150 3.67 85.5

5.3 Durability of surface hydrophilization against washing cycles

Washingof textiles during service is a compuls@rocessand itis regulated by chemistry,
mechanical agitation, temperature and time. The impact of particular factors can be
represented by a washing cycle, within which is the circle dealingwatbr and fabd that

can withstand the washing treatments. The effect of water on individual fibers varies greatly
with their chemical constitution. Hydrogen bonding is perhaps the most important kind of
bond between and within fibers that influences stabilizationuf@sk (in cotton), protein (in

silk), and polyamide (in nylon) have strong hydrogen bonding networks. Hydrogen bonds that
contribute to the transverse structure of the fibers are more or less readily broken and
reformed with water molecules. Some fibersksas polyester are substantially unaffected by
the absence or negligible presence of hydrogen bonds. The decrease in vertical wicking is
only 12 mm from90 mmto 78 mm, as depicted in figuree®en after the 15 washing cycles.

It indicates that the alkatreatment has the modification of the surface that do not tend to
disappear during service.
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Figure 8. Effect of washing cycles on vertical wicking of surface hydrophilized polyester fabric

5.4 Surface hydrophilization of polyester film

Contact Angle

The ideal smooth surfaces that are flat and solid chemically and homogenously there is only
one contact angle exists that is at the equilibrium. According to liquid surface tension theory
the largest contact angles are nugad for water and lower correspond to the diiodomethane.
Figure 9 and 10 show the water CA changes for hydrolyzed polyester film as a function of
NaOH treatment time for previously treated with 80 % and 75 % sulphuric acid respectively.
The surface modifiation by strong acid causes roughness on the surface of the polymer film
that provides a good surface for the alkaline modification of the polymer film. As the time of
treatment of NaOH hydrolysis increases firstly the CA decreases but after some tig#e the
increases again reaching a value that is less than untreated polyester film.
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Figure 9. Effect of 50 g/l NaOH treatment timma mean contact angle

This may be due to the fact that surface treatment by strong acid causes surface activation of
polyester film through redox reaction that provides an active surface for hydrolysis by sodium
hydroxide but with the increase in the alkaline treatment timedledéing off the surface of
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polyester causes disappearance of strong acid activation so the hydrolysis is only limited to
the alkali. The combined effect of acid and alkali disappears and CA again increases with
time reaching a values around 84 that ass lthan the untreated CA values. This small
decrease in CA is only caused by alkali treatment only. The combined acid and alkali
treatment hydrolyze the surface of polyester as much that the 80 % sulphuric acid treated
samples followed by alkali treatmeldwer the CA value to 45.50 degree after 6 min of
treatment while 75 % sulphuric acid treatment lower CA to 57.23 degree. The surface
modification increases the surface hydrophilicity of the all the treated samples.
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Figure 10. Effect of 50 g/l NaOH treatment time on contact angle of 75 % sulphuric acid treated
polyester film

5.5 Surface free energy

In this study the CA measurements of three different liquids are further used to calculate the
surface free energy of the treated polyestigbstrate. The surface tensioomponents are
given in Table 8

Table8. SFE components of polyester substrates untreated and modified with sulphuric acid and
sodium hydroxide

- OwensWendt Zisman Li-Neumann Mean
[mI m™)
r r r r r r
Untreated 0.73 4410 | 44.83| 36.57 41.79 41.06
S11 4.84 46.78 | 51.63| 43.29 45.04 46.65
S15 16.28 49.01 | 65.29| 47.76 50.75 54.60

When a drop of liquid rests on a solid surface, it makes an angith the surface, the young
explained it by the equation below:

ooEH+ 1T (6)
Wherel is the suface energy of the solid/ajr is the interfacial tension between solid and
liquid andr is the surface tension of liquid/air. Many different methods have been proposed
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in order to calculate the using values of contact angles formed by different liquids with
known surface tension. The experimental values of CA at room temperature of wate
ethylene glycol and diiodomethane are used to evaluate the SFE of substrates via Owens
Wendt, Zisman and ENeumann methods.

Zisman method shows that the cosines GAférmed by drop of homologuos liquids on the
solid surface varies linearly witheir surface tension. The critical surface tension can then be
found by extrapolating the linear function to €es 1, indicating complete wetting-£ p).
Brethelotuses young equation in order to approximate the SFE by taking into account of
work of adhesion for solitiquid interface by geometric mean and obtained from young
equation92]:

wé+ p ¢ — (7)

This equation(7) calculates the SFE by using data of CA from one liquid. The use of one
liquid may not be reliable and this equation overestimates the pair values obtained from
different liquids, usually largely deviating values are obtained by changing the liginels.
Neumann also worked on the transformation of the equation of state for interfacial tension.
The SFE is also calculated by method proposed #ydumanfiogd].

Fowkes approach focuses on th&eractions between phases across interfaces and it is based
on the theory that the type of forces working between the molecules act independently to each
other. The total free energy is divided in two parts, dispersive part and polar part. Owen and
Wendt nethod use this equation and combine the dispersion and polar force compérients

[ - r cf ¢rr (8)

Dispersion force and polar components are indicated respectively by superdanmtsp.
from the Young equation it follows that:

[ p @E+ g 7 Cr (9)

In order to obtain and/ of asolid surface, the CA measurement of atleast two liquids are
required (polar and nepolar).

Table 8shows the SFE energy values of the untreated samples and those which are treated by
both sulphuric acid and sodium hydroxide. The critical surface enalyes derived by
Zisman are lower than that determined by other methods. It is assumed that use of two liquids
one polar and other ngwolar give better results in calculation of SFE. So the polarity
difference between water and diiodomethane is high dhetts the better results for SFE
calculation. There is definite increase in the SFE of the treated samples. The SFE of the
polyester sample treated for 6 min of sodium hydroxide and previously treated with 80 %
sulphuric acid has measured to be increass #1.06mJ nto 54.60mJ ni* on average of

the all the methods used.
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5.6 Scanning electron microscope (SEM) evaluation
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Figure 11 (a) SEM micrograph of polyester film after 80 % sulphuric acid treatment for 3 sec (b)
SEM micrograph of polyester film after 80 % sulphuric acid treatment for 3 sec followed by 50 g/l
NaOH treatment for 4 min(c) SEM micrograph of polyester film after

The figure 11 shows the surface topography of the polyester film after the acid treatment and
then followed by alkali treatment for the surface hydrolysis of the polyester film. It is clearly
evident that the sulphuric acid treatment creates the surfadeneagythrough the acid easter
reaction. This surface roughness allows the sodium hydroxide to penetrate in less time and
hydrolyse the polyester for the improvement of water retention ability. The combine acid and
alkali treatment causes the hydrolysistba surface of the polyester film making it suitable

for the hydrophilicity improvement.
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5.7 T-PEEL test of adhesion

The effect of surface treatment of the polyester film with acid and alkali is tested through T
Peel test of adhesion by using polyurethane adhesive. The N=C=0 group present in the
adhesive is highly reactive with thi®H group of the treated polyester fililo the increase

in the adhesion strength of the treated polyester film can be related to the increase in the
surfacel OH groups.

The values of the adhesion test is recorded in the force per unit width (kN/m) of the bonded
specimen. The values are fluatad because of the very small area at which the stress is
localized during loading. A load curve of the treated and untreated polyester film samples is
shown in Fig. 12 FPeel strength is taken as an average of the center portion of the curve. The
T-Peelstrength of the treated polyester film is 1.8 times higher than that of the untreated film.
This improvement in the adhesion strength shows that the surface modification of the
polyester film by hydrolysis is effective in improving the adhesion betwesmumthane and
polyester film.
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Figure 12. T-Peel test curve of untreated and polyester film treated with 80 % sulphuric acid
followed by 50 g/l NaOH for 6 min

6 Evaluation of results and new findings

The following conclusions haveebn drawn from each study:

6.1 Surface hydrophilization by Pad-dry method

The surface of polyester fabric is successfully hydrophilized bydPadnethod at low
concentration of sodium hydroxid€he influence of sodium hydroxide treatment by -Rég
method vith different low concentrations of caustic soda is studied with different treatment

times and compared with the standard <caust.i
morphology, weight loss and wicking heightydrolysis with 50 g/l sodium hydroxidesing
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Paddry technique causes less surface pitting and thinning of the polyester yarns in the fabric

as compared to the standard caustic treatment for 30 mifilitesweight loss by Padry

treatment with sodium hydroxide is only 6.78 % with treatmene tof 8 minutes while the

wei ght |l oss by treating polyesteThetimalbofri ¢ at
treatment shows little effect on the wicking height of the polyester fabric treated ‘myrypad

method. The addition of ureand glycrinin the solution of NaOH for the treatment of

polyester fabric has not improved the absorbency properties and also not hinders the alkaline
hydrolysis of polyester fabric.

6.2 Optimization of hydrophilized parameters

The higher concentration of sodium hydroxide wasntb to have positive effect on the
percentage weight loss and vertical wicking of the polyester fabric. The time of treatment and
temperature of drying relate linearly to the percentage weight loss and vertical wicking of the
polyester fabric. The pad dmethod at optimized conditions is suitable for the development
of surface hydrophilic groups on polyester that leads to the better hydrophilic properties and
moisture transmission.

6.3 Durability against different temperature conditions of hydrophilized polyeger

fabric

The study of thermal stability of the hydrophilized polyester fabric under different
performance temperature conditions and for longer periods of time has shown that the sodium
hydroxide modified polyester fabric shows better retention of cremitodification at
elevated temperatures. The physical treatments like plasma and ozone, that are successfully
used to modify the surface of polyester, tends to reverse the hydrophilic groups as the
temperature and time increases during the performanastagés of polyester fabric. The
decrease in vertical wicking is 10 mm only even the temperature is increaseddo 420

holding time is six days. The relationship is developed between the maximum suction height
(vertical wicking) and holding time. The easured and predicted values shows good
agreement when plotted against time.

6.4 Washing fastness properties of hydrophilized polyester fabric

The ability of performance fabrics to withstand the washing cycles is necessary to maintain
the effect of surface hydrophilic property achieved by the sodium hydroxide modification of
the polyester fabric. The hydrophilized polyester shows good fastnésswashing cycles.

The washing of fabric only lowers the vertical wicking to lesser extent.

6.5 Development of hydrophilic polyester film surface by synergistic effect of
sulphuric acid and sodium hydroxide

The polyester film is treated with strong sulphudcid solution and followed by low

concentration alkali solution in order to increase surface wettability and adhesion properties.

The super hydrophilic surface @btained by the combined actiaf acid and alkali at

concentration of 80 % sulphuric aciddaB0 g/lsodium hydroxide treatment forrin. These
treatment conditions give the polyester film surface with lowest water contact angle and high
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SFE values with good adhesion properties. The presence of hydroxyl groups on the surface
with significant decease in the surface energy has been confirmed through contact angle
measurements. The SEM and BET analysis has confirmed the increase in roughness after
chemical treatment of the polyester filmp€el data obtained by the polyurethane resin has
indicatedthe increase in adhesion strength after chemical treatment and improvement of
adhesion by thermoset resin can be attributed to the increase in surface wettability and
roughness due to the surface modification. Finally a super hydrophilic surface ofytb&tqro

film can be achieved through combined acid and alkali hydrolysis under controlled
conditions.

6.6 Proposed applications and limitations

The proposed application is industrial usage of-ghgdtreatment under controlled tension
conditions that providesconomical usage of water due to low liquor ratios and efficient
recycling of the sodium hydroxide liquors from the padding equipment. It has also good
application as longer runs can be processed in at higher speeds with less weight loss and more
hydrophiization of the polyester surface. The porous morphology of the polyester film
provides super hydrophilic surface that has potential application in the field of flexible
electronics and antifogging surfaces where higher adhesion properties are requirdeéaThe

of polyester surface modification by synergistic effect of acid and alkali provides a good

prospect for adhesion improvement as it requires no sophisticated equipment as most of the
physical treatments need for modification.

6.7 Future work

1 The moisturetransmission rate studies by different methods to study the effect of
hydrophilization by this new method.

1 The one sided hydrophilization can be done by spray method and it evaluation of
extent of hydrophilization.

1 Effect of different wicking techniquesnothe moisture transmission through the
polyester fabric.

1 The deposition of Nanocellulosic layers on polyester and their effect on surface

wetting of the polymer.
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