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ABSTRACT: Breathable coatings based on polyacrylamide on cotton fabrics have
been developed. The coatings show high water vapor permeability, while providing
desirable protection against air and liquid water-penetration. These polyacrylamide
based coatings were obtained by coating the fabric with polyacrylamide solution
(4%), containing citric acid as a crosslinker (5–50mol%), and sodium hypopho-
sphite (0.3%) as a catalyst, followed by drying at 90�C and curing at 150�C. The
curing reaction leads to formation of crosslinks among the polymer chains as well as
between the polymer and the cotton fabric. The integrity of the crosslinked
polyacrylamide coating was observed to be good. The resistance, to hydrostatic head
for double and triple-coated samples, with cross-linker concentration of 50 and
20 mol% was found to be in the range of 800–1280 mm, while the air-permeability
values reduced drastically by two orders of magnitude, compared to the control
fabric. The water vapor transmission rate (WVTR) values for these samples were
found to be excellent with only 5–23% reduction compared to the values shown by
control cotton fabric. The mechanism of the reaction leading to the formation of
crosslinks has been evaluated using FTIR and NMR spectroscopy.
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INTRODUCTION

BREATHABILITY IS A desirable property of fabric, especially for an all
weather fabric, which allows the fabrics to be permeable for water vapor,

while showing protection against wind and water head. This allows per-
spiration to be transmitted from the wearer’s body, making it possible to use
these garments in the extreme weather conditions [1–3]. Breathable fabrics
find application as comfort fabrics in active sportswear, protective fabrics,
survival suits, diver’s suits, mountaineering suits and special military cloth-
ing. Other areas are tents, transport cargo wraps, sleeping bag covers etc.

Usually breathable coatings are made up of hydrophobic microporous
coatings and laminates having pores of size 0.1–50 mm, which allow passage
of water vapor but resist the liquid water. These micropores are created
using any of the various methods such as wet-coagulation, phase separation,
solvent extraction and mechanical fibrillation [4,5]. Because of their
hydrophobic character, these types of membranes tend to show lower
water vapor transmission values and therefore do not form the ideal
approach for breathability.

Another important method is coating fabrics with copolymers having
both hydrophilic and hydrophobic segments. The hydrophobic part
provides the water resistance property and facilitates adherence of the
coating to the substrate, while the hydrophilic part, which is a soft segment,
allows water vapor permeability [6]. Absence of open spaces and macro-
pores in the coatings/laminates provides protection against wind and water.

Hydrophilic coatings that form nonporous layers on the fabric include
Ucecoat NPU series of UCB Speciality Chemicals and Witcoflex/Staycool
of Baxenden, and Impraperm of Bayer, while hydrophilic laminates are
Sympatex, BION II and EXCEPOR-U [7–15].

These membranes have been able to achieve varied degrees of water vapor
permeation and protection. However, the hydrophobic segments are
incorporated in significant proportions to obtain required durability, and
therefore, water vapor transmission rate (WVTR) values are sacrificed.
Furthermore, many of the coating materials and additives are toxic. Recent
reports on coating materials address the ever increasing challenge of
compliance to guidelines from Occupational Safety and Health Agency
(OSHA), Environmental Protection Agency (EPA) and National Institute of
Occupational Safety and Health (NIOSH) [7,16]. Therefore there is a need to
develop light weight, durable, and functionally efficient coatings to address
some of the above concerns. Ideally, a highly hydrophilic system may provide
highly efficient vapor transmission properties. However, such systems are not
used, because they are water soluble and cannot provide durable coating onto
a fabric for normal wash and wear use. Polyacrylamide is such a system.
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In this paper, an attempt has been made to develop durable, yet highly
efficient breathable coatings based on polyacrylamide. The polymer was
covalently bonded to cotton fabric using crosslinking agents. The crosslink
density was optimized to provide sufficient integrity to coating while
maintaining necessary hydrophilicity for good water vapor transmission.

EXPERIMENTAL

Materials

A scoured and bleached 100% cotton fabric of weight, 115 gm�2, having
53 warp and 25 weft threads per cm, with both the warp and weft yarns
having a linear density of 150 dtex, was used in this study. Acrylamide
(99%) and sebacic acid (99%) were obtained from Loba Chemie, Mumbai;
Citric acid (99.5%) from E. Merck India, Mumbai and sodium hypophos-
phite (98%) was procured from G. S. Chemical Testing Lab and Allied
Industries, Mumbai; potassium persulfate was obtained from BDH
Laboratory Chemicals, Mumbai; sodium metabisulfite (95%), acetone
(99%) and propionic acid (99%) were procured from Qualigens Fine
Chemicals, Mumbai; poly(vinyl alcohol) (99%) and calcium chloride
(99.99%) were obtained from Thomas Baker, Mumbai; methanol was
obtained from SD Fine-Chem, Mumbai; adipic acid (99%) was received
from CDH Chemicals, New Delhi. These chemicals were used as obtained,
without further purification.

Polymerization of Acrylamide

Polyacrylamide was synthesized by free radical polymerization [17]. A
solution of 150 g acrylamide in 375 mL water and 200 mL acetone was taken
in the reaction vessel, to this 7.5 mL of 10% aqueous solution of poly(vinyl
alcohol) was added as dispersing agent. The reaction mixture was deaerated
for 45 min by purging nitrogen. The reactants were brought to a
temperature of 10�C and 15 mL of 1% aqueous solution of potassium
persulfate and 30 mL of 1% aqueous solution of sodium metabisulfite as
redox initiator system were added successively. The polymerization was
conducted at 10� 1�C for 4 h and then for 3 h at 25� 1�C. The reaction
mixture turned viscous with time. The viscous gel was broken into smaller
pieces and was precipitated in excess methanol, (at least twice the amount of
the reaction mixture). The precipitate was washed repeatedly with methanol,
filtered and finally dried under vacuum at 50�C for 4 h prior to being stored
in desiccator.
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Characterization of Polyacrylamide

The molecular weight of the product was evaluated by measuring intrinsic
viscosity of polymer at 25�C, in double distilled water. K and � were taken
as 6.31� 10�3 mL g�1 and 0.80, respectively from the literature [18].

Preparation of Polyacrylamide Solution

A 4% solution of polyacrylamide was prepared by stirring the purified
and dried polymer powder in double distilled water for overnight. The
polymer, after swelling, slowly got dissolved to give highly viscous solution.
The solution was kept for a day at room conditions to allow deareation
before using it for coating.

Selection of Suitable Crosslinker and Curing Conditions

The above solution was coated onto glass slides and cotton fabric using
different crosslinkers and catalyst. The coated samples were then dried at
90�C and cured at different temperatures in a forced convection air oven.
The samples were then washed to determine insolubility which was taken as
indication of crosslinking. Sebacic acid, adipic acid and citric acid were
tested as crosslinkers using the above procedure. Sodium hypophosphite
was used as a catalyst.

Coating of Polyacrylamide Solution on Cotton Fabric

Predetermined quantities of selected crosslinker (citric acid) and catalyst
(sodium hypophosphite) were added to the above polyacrylamide solution.
The resultant mixture was coated on the cotton fabric using Ernst-Benz
machine, model: KST-350 and dried/cured in the Ernst-Benz

TM

machine,
model: KTF-MD-350.

The samples were coated, dried, and cured, in the continuous mode with
knife over blanket arrangement for coating and a convective hot air type
drying/curing arrangement. Different samples were prepared with single,
double and triple coatings and with different crosslinker contents (see
Table 1). The crosslinker content was calculated based on desired cross-
linking density in the polymer coating. The various samples with different
crosslinker content along with the number of coatings and resultant add-ons
are described in Table 1. For the single coating, the samples were dried at
90�C for 6 min, and then cured for 19 min at 150�C. For the double and triple
coatings, drying was carried out after each application of the coating, while
the curing was carried out in the end (i.e. after drying the last coating).
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Characterization of Coating

The samples were evaluated for the uniformity and integrity of the
coating on the fabric surface. The samples were then evaluated for
breathable properties: resistance to hydrostatic head, air permeability and
rate of water vapor transmission.

Evaluation of the Integrity of Coating

The samples were evaluated for integrity of the coating by subjecting them
to the accelerated washing test (AATCC Test Method 61-1975). This test
was termed as a ‘harsh wash’ as steel balls were used during the washing.
Another washing test was carried out without the use of steel balls and was
termed a ‘mild wash’.

The coated fabric samples were harsh washed. Two harsh washing cycles
were given to each sample. The weight-loss in the coating was evaluated
after each cycle. The integrity of the coating was evaluated based on
percentage of weight-loss of the original add-on. The samples were also
subjected to mild wash cycles to determine the effect of harsh wash on
coating integrity.

Table 1. Samples prepared with polyacrylamide on cotton substrate.

Sample

Crosslinker
Concentration

(mol% of amide
groups)

Quantity
of Crosslinker

Used
(g 100 mL�1)

Number
of Coating

Coating
Add-on

Obtained
(wt.% of fabric)

CONTROL – – – –

AMCIT50 50 1.971 Single 9.5
Double 17.0
Triple 29.0

AMCIT20 20 0.7917 Single 4.5
Double 10.0
Triple 15.0

AMCIT10 10 0.3947 Single 4.5
Double 9.0
Triple 15.0

AMCIT5 5 0.1971 Single 4.0
Double 9.0
Triple 15.0

Catalyst concentration was kept at 0.3 g 100 mL�1 of polymer solution samples.

Polyacrylamide Based Breathable Coating 123

[21.3.2003–2:21pm] [119–138] [Page No. 123] FINAL PROOFS I:/Sage/Jit/Jit32-2/JIT-31657.3d (JIT) Paper: JIT-31657 Keyword

 at INDIAN INST OF TECHNOLOGY on April 6, 2016jit.sagepub.comDownloaded from 

http://jit.sagepub.com/


Coating Evenness

Coating evenness was evaluated by cutting and weighing the dried,
conditioned 70� 50 mm2 pieces of coated fabric. The pieces were cut along
the both length and width of the fabric.

Resistance to Water Penetration

The control and coated fabrics were evaluated for water resistance to
hydrostatic head using ‘‘AATCC test method 127–1977’’ on a ‘‘Shirley
Hydrostatic-head tester’’. Water permeability of the control and coated
fabrics was measured by applying hydrostatic head on the coated side of the
fabric. A value was taken when first three drops of water appeared on the
other side of the fabric.

Resistance to Air Penetration

The control and coated fabrics were evaluated for air permeability accord-
ing to,’’ Indian Standards, IS 11056-1984’’, using the ‘‘Textest FX 3300, Air
Permeability Tester’’.

Rate of Water Vapor Transmission

The test for evaluating the WVTR was carried out using the standard
‘ASTM E96-80, Standard Test Methods for Water Vapor Transmission of
Materials’. The uncoated side of the fabric was placed facing towards the
inside of the beaker containing water. The samples were secured to the
mouths of beakers, by adhesive tape. The surface area of the container
mouth was 3000 mm2. The ambient temperature was maintained in the
range of 29–30�C. The mass of water evaporated was determined by
weighing the beakers before and after the test to 0.1 mg accuracy. Each test
was kept for a prespecified time interval along with the control sample, and
freshly regenerated CaCl2 was used each time. Thus, different tests were
conducted to determine loss of water for different time intervals. Weight loss
of water was then plotted against time of the test, as shown in the graph in
Figure 1. It was observed that the average rate of loss of water was lower as
time of the test was increased. The fall in rate of evaporation was expected
to be mainly due to change in atmospheric conditions of the desiccator and
changes (such as swelling) that may occur in the polymer film with time.
Therefore, WVTR was determined by taking initial slope of the curve that
passed through the origin (Figure 1). The initial part of the curve was chosen
between zero and ten minutes.
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Stiffness of the Coated Fabric

The stiffness of the coated fabrics was evaluated according to the British
Standards: 3356 : 1961 ‘‘Determination of Stiffness’’, using Shirley stiffness
tester, by determining the bending length of the fabric. The fabrics were
conditioned for overnight before testing.

Simulation of Coating Conditions on Glass Slides for Evaluation of Durability

In order to investigate and correlate the effectiveness of citric acid
as crosslinking agent with durability and other resulting properties;
solubility and spectroscopy studies were carried out. The coating conditions
were simulated on glass slides so that the resulting dried films can be utilized
for testing. This methodology enabled to study the reactions of poly-
acrylamide in the absence of cellulose, which is otherwise known to crosslink
with such carboxylic acid compounds. The Samples 1–5, were prepared
by coating microscope glass slides using formulation conditions given in
Table 2.

For the NMR studies polyacrylamide sample was refluxed with propionic
acid at 145�C for 5 h. The product was washed thoroughly in methanol and,
dried. The reaction product was solubilized in D2O for proton NMR
spectroscopy.

tr
a
n
s
m
it
te
d

FIGURE 1. Water vapor transmission (in grams) with time through control and
AMCIT20 triple coated cotton sample as per ASTM E96 method. Initial slope of the
curve as shown was used for calculating values of WVTR.
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Solubility-test

The samples obtained were placed in boiling water for 10 min to deter-
mine solubility of the coatings.

Infrared Spectroscopy

The coating from the glass slides (as described above) were separated,
dried and mixed with KBr to make pellets. The FTIR spectra were recorded
in the range 4000–600cm�1 on JASCO Micro FTIR 200 spectrometer.

NMR Spectroscopy

1H-NMR spectra (at 300 MHz) were recorded on Bruker Spectrospin 300,
using �5%(w/v) solution of polymer at 27�C in D2O. TMS was used as
internal standard.

RESULTS AND DISCUSSION

Molecular Weight of Polyacrylamide

Polyacrylamide with viscosity average molecular weight of �4,20,000 was
obtained using the method described. High molecular weight was necessary
in order to obtain uniform and mechanically strong coating of the polymer.

Coating Evenness

The coatings were found to be reasonably uniform. A C.V. of 6% was
found along the length, while about 11% was found along the width of the
coated fabric.

Table 2. Samples of polyacrylamide coatings prepared on glass-slide for solubility
and infrared spectroscopy studies.

Sample Particulars

1. Pure polyacrylamide coating dried at 90�C
2. Pure polyacrylamide coating dried at 90� C and cured at 150� C
3. Polyacrylamide coating with crosslinker and catalyst, dried
4. Polyacrylamide coating with crosslinker and catalyst, dried and cured
5. Polyacrylamide coating with crosslinker and catalyst, dried ,cured and washed
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Selection of Suitable Crosslinkers

Several polycarboxylic acids were evaluated for use as crosslinkers in the
given system. Bifunctional sebacic and adipic acid gave poor results,
perhaps because of the possibility that one of the two carboxylic group
remained unreacted. Citric acid was found to give significant crosslinking
among polyacrylamide chains and between polymer chains and hydroxyl
group of fabric. Therefore, citric acid was selected as a suitable crosslinker
for polyacrylamide coating on cotton fabric. The mechanism of crosslinking
was investigated using FTIR and NMR spectroscopy and is discussed later
in this section.

The temperature of curing below 140�C showed insignificant crosslinking,
while the temperature of 160�C and above resulted in yellowing of the fabric
samples. Therefore, a temperature of around 150�C was found appropriate
for carrying out reaction between the amide groups of the polymer and
carboxyl groups of the crosslinker. This temperature also gave reaction of
carboxylic groups of crosslinker with hydroxyl groups of cotton.

The solubility test of films coated on glass slides using different formulat-
ions, as indicated in the experimental section, suggested that excellent
crosslinking among polymer chains occurred in the presence of citric acid as
crosslinker and catalyst. On the other hand the integrity of the coatings was
only good on cotton, presumably due to the presence of –OH in the
structure of the citric acid. The –OH in the citric acid structure is known to
hinder the esterification of carboxylic groups with hydroxyl of cellulose
[19].

Evaluation of Integrity of Polyacrylamide Coating on Cotton Fabrics

The coated fabric samples were subjected to two washing cycles. The
integrity of the coatings evaluated as percentage of weight-loss of the original
add-on is given in Table 3. The first wash showed a weight loss of around
20–28% for the samples with high crosslinker concentration of 10–50 mol%.
Whereas AMCIT5 triple coated sample i.e. with 5 mol% crosslinker
concentration showed a greater loss of 42%. The AMCIT5 single and
double coated samples showed even greater loss of upto 70%. In the second
wash, the loss of coating for AMCIT50 and AMCIT20 samples was
negligible. Whereas, the loss of coating was complete for all AMCIT5
samples and significant for AMCIT10 single coated samples. The role of
crosslinker in providing integrity to the polyacrylamide coating is evident
from these results. The negligible loss in the coating after the second wash
cycle, for AMCIT50, AMCIT20, and AMCIT10, suggested that the initial
loss in coating material consisted of uncrosslinked low molecular weight
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polymer and other additives. The resultant coating after the first wash
appeared to be permanent.

The test-results obtained for mild wash i.e., Launder-Ometer washing
without the steel balls were similar to the results of the harsh wash tests with
steel balls indicating that the harshness of wash had no effect on the
percentage loss of the coating. This suggests that the loss in coating material
during the first wash was due to soluble components.

In a dry coating, the water-soluble catalyst, sodium hypophosphite, forms
5–7% of the total add-on weight. Therefore, about one-fourth of the loss in
weight was accounted for by the loss of catalyst alone on washing. Similarly,
unreacted citric acid may also be lost during washing accounting for other
significant portion of weight loss.

Water Permeability

It was observed that the control fabric sample showed no resistance to
penetration of water and therefore did not show measurable hydrostatic
head. The hydrostatic head values for the coated samples are given in Table 4.
Triple coated fabric samples with high crosslinker concentration gave high
values of hydrostatic-head. Values as high as 1280 mm were observed for
AMCIT50 triple coated samples. All single coated samples showed a low
hydrostatic-head indicating that sufficient amount of material could not be
coated in single application to give a good continuous film. The triple coated
sample with higher amount of polymer on the surface provided good barrier

Table 3. Integrity of the polyacrylamide coating on cotton based on
harsh wash test.

Sample

% Loss
of Coating

(After First Wash)

% Loss of
Remaining Coating

(After Second Wash)

AMCIT50 Triple coated 28.0 3.9
AMCIT50 Double coated 20.0 2.0
AMCIT50 Single coated 25.0 0.0
AMCIT20 Triple coated 27.5 0.5
AMCIT20 Double coated 21.0 0.6
AMCIT20 Single coated 28.0 0.0
AMCIT10 Triple coated 28.0 2.8
AMCIT10 Double coated 28.0 1.5
AMCIT10 Single coated 27.0 6.0
AMCIT5 Triple coated 42.0 100
AMCIT5 Double coated 72.0 100
AMCIT5 Single coated 73.0 100
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to the water pressure. Higher numbers of coatings are more likely to form
a continuous, defect free film with good barrier properties. Further, it
can be observed from Table 4, that the role of the crosslinker in keeping
the integrity of the coated film is of prime importance. There was a
drastic reduction in the hydrostatic-head as the amount of crosslinker was
reduced. Crosslink concentration of at least 20 mol% with triple coating
was found to be necessary to provide reasonable resistance to water
penetration.

The hydrostatic head values were lower after the samples were washed.
Mild washed samples were found to be similar to the harsh washed samples,
because the amount of loss of the coating remained the same irrespective of
the harshness of the wash. The loss of weight of coating appeared to create
weak regions in the barrier film, through which water could penetrate at
relatively lower pressures.

Air-permeability

The air-permeability values for the coated samples were found several
orders of magnitude lower than the control (uncoated) fabric sample. The
air-permeability value for the control fabric was 249.2 cm3 cm�2 s�1. This
was reduced by about two orders of magnitude for AMCIT50 triple coated
fabric. The air-permeability values for coated samples are given in Table 5.

The consistent reduction in the air-permeability values as a function of the
crosslinker content suggests that the higher crosslink density plays an

Table 4. Hydrostatic head values for water penetration before
and after harsh wash test.

Sample

Hydrostatic Head (mm)

As Coated After First Wash

AMCIT50 Triple coated 1280 800
AMCIT50 Double coated 800 480
AMCIT50 Single coated 200 100
AMCIT20 Triple coated 1200 680
AMCIT20 Double coated 800 80
AMCIT20 Single coated 200 40
AMCIT10 Triple coated 760 60
AMCIT10 Double coated 200 40
AMCIT10 Single coated 120 40
AMCIT5 Triple coated 240 60
AMCIT5 Double coated 140 40
AMCIT5 Single coated 60 –
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important role in keeping the continuity of the film. The second factor
affecting barrier properties was add-on or number of coatings. The higher
add-on values gave better barrier to air penetration as expected.

The air-permeability values of the wash samples are also reported in
Table 5. As expected, extent of integrity of coating had direct influence on
the air-permeability values upon washing suggesting continuous, well
crosslinked coating is important in obtaining good barrier properties.

Water Vapor Transmission Rate (WVTR)

The water vapor permeability is not affected significantly even on
increasing the coating add-on with polyacrylamide. The AMCIT50 triple
coated sample gave a WVTR value of 2016 gm�2 24 h�1, which was only
23% less than that of the control fabric (2640 gm�2 24 h�1). In general, it
was observed that, as the number of coatings were increased, the WVTR
values dropped. This was expected, as the barrier created by the coating was
responsible for the lower transmission values of coated samples compared to
control sample. However, in comparison to the decrease of air-permeability
values where the reduction was drastic by a few orders, the WVTR values
were reduced only by 5–23%. This shows both the breathability and
protective functions of the fabric. The other observation was that WVTR

Table 5. Air permeability values of the samples before and after
harsh wash test.

Sample

Air-permeability Values
(cm3 cm�2 s�1)

As Coated After First Wash

Control 249.20
AMCIT50 Triple 1.14 1.64
AMCIT50 Double 1.27 1.95
AMCIT50 Single 4.20 91.80
AMCIT20 Triple 2.17 2.46
AMCIT20 Double 3.79 4.80
AMCIT20 Single 4.83 91.80
AMCIT10 Triple 2.39 2.40
AMCIT10 Double 3.51 7.30
AMCIT10 Single 85.70 95.90
AMCIT5 Triple 2.91 3.20
AMCIT5 Double 4.59 21.70
AMCIT5 Single 68.50 150.30

*Air-permeability values for coated samples measured at pressure of 2400 Pa, and
for control sample measured at 200 Pa.
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values were also dependent upon the crosslinking density of the coating. The
vapor transmission was poorer in samples with higher concentration of
crosslinker. This is expected, since the crosslinked positions, in comparison
to the free amide groups, would not function as sites for efficient
transmission of water vapor.

Water vapor transmission tests were also performed on the washed
samples. It was observed that though laundering removed around 28% of
the coating, the water vapor transmission values were nearly same. The
water vapor transmission values for selected samples before and after
washing are given in Table 6.

Water vapor permeability values reported in the literature for breathable
textiles range from 1500 to 5000 gm�2 24 h�1. However, these can not be
compared as they often are determined using different methods and at
different test conditions. The Goretex fabric, which is composed of a
microporous and a hydrophilic film has been shown to have WVTR value of
15000 gm�2 24 h�1 as determined by the Gore cup method [5,8,20,21].
Whereas in our experiments, the Goretex fabric of 178 gm�2 gave a value of
1800 gm�2 24 h�1. It is useful to compare the performance of a coating with
the base fabric or substrate. Normally a reduction of 50–70% in WVTR
values are reported compared to base fabric in state of the art materials.
However, with polyacrylamide based coatings, the reductions of about 23%
was observed for the triple coated samples with highest crosslinking density
(AMCIT50).

Table 6. Water vapor transmission values for the samples
before and after harsh wash test.

Sample

WVTR values (g m �2 24 h�1)

As Coated After First Wash

AMCIT50 Triple coated 2016 2016
AMCIT50 Double coated 2112 2208
AMCIT50 Single coated 2304 2400
AMCIT20 Triple coated 2016 2112
AMCIT20 Double coated 2304 2304
AMCIT20 Single coated 2496 2554
AMCIT10 Triple coated 2304 2400
AMCIT10 Double coated 2304 2400
AMCIT10 Single coated 2448 2496
AMCIT5 Triple coated 2352 2496
AMCIT5 Double coated 2352 2496
AMCIT5 Single coated 2496 2592

WVTR value for control sample¼ 2640 g m�2 24 h�1.
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The high value of water vapor permeability in polyacrylamide coatings,
even at high add-on of 29% (AMCIT50 triple coated), is probably the result
of diffusion of water vapor molecules through the coating by interaction
with hydrophilic amide pendent groups. The dependence of moisture per-
meability on the number of coatings and the crosslinking density suggests
that the hydrophilicity of the polyacrylamide coating can be varied by
varying the crosslinker content. In polyacrylamide system, rapid transfer of
water is observed due to high hydrophilicity of the polymer while on
the other hand integral coatings could be obtained due to crosslinking by
citric acid.

Stiffness of Coated Fabrics

Coating led to an increase in the stiffness of the fabrics under dry
condition. The increase in the stiffness of the coated samples over the
control is given in Table 7.

The increase in the stiffness of the fabric was observed to be related to
both the crosslinking density as well as the number of coating. Both higher
coating add-on and crosslinking density led to higher stiffness. Though
conditioning of fabric at high relative humidity values resulted in a much
softer feel.

Table 7. Increase in stiffness of the fabric due to application of
polyacrylamide coating.

Sample

Increase in stiffness expressed as
percentage of control sample*

Warp Way Weft Way

AMCIT50 Triple coated 197 321
AMCIT50 Double coated 197 292
AMCIT50 Single coated 176 154
AMCIT20 Triple coated 197 150
AMCIT20 Double coated 162 154
AMCIT20 Single coated 162 150
AMCIT10 Triple coated 174 150
AMCIT10 Double coated 174 154
AMCIT10 Single coated 153 150
AMCIT5 Triple coated 162 154
AMCIT5 Double coated 167 150
AMCIT5 Single coated 117 83

*Bending length of the control fabric in the warp and weft direction was 0.85 cm and
0.6 cm, respectively.
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Mechanism of Crosslinking

The five coatings were prepared on glass slides to evaluate the mechanism
of crosslinking as per the details given in the experimental section (Table 2).
The samples were tested for solubility in boiling water for 10 min and also in
1 g/L soap solution for overnight. The Samples 1–3, which were prepared
without citric acid and subsequent curing were found to be water soluble,
while Samples 4 and 5 (with citric acid and cured) were insoluble. These
results clearly indicated that the citric acid was necessary to create crosslinks
among the polyacrylamide chains.

Infra-red and NMR Studies

Infra-red studies

The overlay of IR spectra obtained for polyacrylamide and its reaction
product with crosslinker is presented in Figure 2. The IR absorption bands
and their tentative assignments are given in Table 8. In polyacrylamide, the
amide I band due to carbonyl absorption appears at �1670 cm�1. These
bands appear as sharp band in the cured samples (Samples 3–5) compared
to only dried samples (Samples 1,2). The NH2 deformation band of
polyacrylamide also appears in the same region at 1610–1620 cm�1. Two
broad NH stretching vibrations exhibited near 3350 cm-�1and 3200 cm�1 are
associated with the bonded NH vibrations. The other characteristic bands
due to C–H bending, C–H stretching, C–O bending etc. are also observed to
appear at the frequencies detailed in Table 8. Incorporation of citric acid
(crosslinker) and catalyst in polyacrylamide (Sample 3) followed by drying
resulted in strong additional band due to carbonyl of acid group at
1720 cm�1 and 1590cm�1. The characteristic absorption for O–H stretching
vibrations were observed at 3420–3430 cm�1. Another band at �2530 cm�1

indicated the presence of OH stretching vibrations corresponding to bonded
OH of carboxylic acid groups. Absorption due to in plane and out of plane
OH deformations were observed at 1220 cm�1 and 935 cm�1.

The broad absorption bands in the infrared spectrum of Sample 3 became
sharp distinct bands on subsequent curing treatment (Sample 4). An
apparent reduction in the intensity of carboxylic carbonyl was noted.
However, the anhydride carbonyl bands were not observed inspite of curing
treatment, possibly due to reaction of anhydride with –NH2 groups and/or
reconversion of anhydride to acid form under atmospheric conditions.
Contrary to Sample 3 (cured polyacrylamide), the sample (Sample 4) on
washing treatment was found to be water insoluble. The IR absorption
spectra of cured, washed polyacrylamide also showed distinct peaks due to
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FIGURE 2. Overlay of IR spectra obtained for Samples 1–5 as described in Table 2.
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stretching vibrations of –OH and carbonyl acid group, indicating the
presence of citric acid as a reacted moiety with polyacrylamide chain.

Thus, the infrared spectroscopy studies confirm the chemical interaction
caused by citric acid in polyacrylamide.

Polyacrylamide and the product obtained from the reaction of
polyacrylamide and propionic acid was characterized by 1H-NMR to
evaluate the reaction that may occur between the amide group of acrylamide
and carboxylic group. The proton NMR spectra of polyacrylamide shows
broad signals due to methylene (–CH2), methine (CH) and carboxamide
(–CONH2) protons, which are assigned at � 1.5, 2.1 and 6.9, 7.65 ppm
respectively. Table 9 shows the assignments for the resulting product.

The weak signals of –CONH2 correspond to NHD sites where the
majority of protons have exchanged with deuterons from the water
molecules. This has been reported in the literature [22].

Compared with the polyacrylamide, the spectrum of polyacrylamide/
propionic acid reaction product showed additional peaks due to propionic
group protons. The protons in propionic group in the reaction product are

Table 8. Assignment of infra red absorption bands in the test samples.

Peak Position (cm �1) Assignments

3350 and 3180
p

N–H of primary amide (bonded)
3400–3460

p
N–H of secondary amide

1710–1725
p

C¼O of acid
1650

p
C¼O of primary amide (amide I)

1630–1680
p

C¼O of secondary amide

1610–1617 �NH2 of primary amide

1450 �C–H of –CH�
2

1320
p

C–O of acid

1220 and 935 �O–H deformations ( in plane and out of plane)
945

p
C–CH2–COOH of acid

Table 9. 1H-NMR of polyacrylamide/propionic acid reaction
product in D2O.

Chemical shift (�) Nature of resonance Assignment

0.9–1.0 Multiplet (strong) �CH3

1.51 Broad (strong) �CH2

2.1 Broad (strong) �CH
2.3–2.5 Multiplet (strong) �CH2 of propionic

acid group
6.9 and 7.64 Broad (weak) �CONH2
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evidenced by end methyl (–CH3) at 0.9 ppm and CH2 groups at 2.3–2.5 ppm.
The absence of acid protons ruled out the possibility of presence of
unreacted propionic acid. The appearance of methyl protons at 0.9 ppm
instead of 1.15 ppm in propionic acid further supported possibility of
condensation reaction between the carboxylic groups and NH2 groups of
carboxamide functions. Similar values for methyl protons are reported for
certain hydrophobically modified polyacrylamides. The peak of terminal
methyl groups is sufficiently separated to yield the propionic group content
from NMR.

The combination of FTIR, NMR and solubility studies confirm the
crosslinking in polyacrylamide through condensation. The results offer
potential for the application of such carboxylic acids for coating of
polyacrylamide on cotton and also explain the improved durability of such
coatings.

CONCLUSIONS

Suitability of polyacrylamide was investigated as a breathable coating
material. Coatings of polyacrylamide on cotton fabric were obtained by
applying 4 wt.% polyacrylamide solution containing citric acid as a
crosslinker (5, 10, 20 and 50 mol% of the available amide groups) and
sodium hypophosphite (0.3%) as a catalyst, followed by drying at 90�C and
curing at 150�C. Cured polyacrylamide coatings were found to have good
integrity on cotton fabrics. Integrity of coatings with crosslinker concentra-
tion of 50, 20, and 10 mol% was found to be acceptable with insignificant
loss in the second successive washing test. A small weight loss was observed
during the first washing cycle, which was attributed to loss of additives and
other low molecular weight moieties.

The resistance to water penetration as measured by hydrostatic head
value for the samples with 29% add-on and 50 mol% crosslinker
concentration was observed to be higher than 1200 mm. The hydrostatic
heads were lower for the samples prepared with lower add-ons and cured
with lower crosslinking densities. Similarly good resistance was observed for
air permeability, which was found to be reduced by two orders of
magnitude. These tests confirmed that the coatings obtained were uniform
and defect free.

The crosslinked polyacrylamide coatings on cotton showed high water
vapor transmission rate (WVTR) even at high add-on values of 29% (triple
coated) and high crosslinker concentration of 50 mol%. A reduction in
WVTR (2016 gm�2 24 h�1) of about 23% was found for these samples when
compared to control cotton fabric (2640 gm�2 24 h�1). The reduction in
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WVTR was found to be dependent on crosslinking density as well as on
add-on (i.e. the number of coatings). Samples with lower crosslink densities
and lesser number of coatings were observed to give a higher WVTR but at
the expense of lower resistance to water penetration and lower integrity of
the coatings. An optimal balance of all desirable properties (i.e. WVTR,
resistance to water and air penetration, and integrity of the coating) were
obtained at the minimum add-on of 15% and crosslinker concentration of
20mol%.

The reaction of citric acid with polyacrylamide to generate crosslinks was
evaluated using FTIR and NMR spectroscopy, along with solubility studies.
It was found that condensation reactions between amide groups of
polyacrylamide and carboxylic acid groups of citric acid occurred to give
crosslinks among the polymer matrix. Additionally, reaction between citric
acid and hydroxyl group of cotton is responsible for integrity of the
polyacrylamide film on the cotton surface.
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