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ABSTRACT: Surface photografting modification with
maleic anhydride (MAn) under UV irradiation in associa-
tion with a post reaction with triethanolamine has been
used to improve the flame retardancy of polyamide6.6
(PA6.6) fabric in this study. The effects of irradiation time
and monomer concentration on the fabric surface grafting
were investigated. The flame retardancy and thermal
decomposition behavior of the samples were characterized
by limiting oxygen index test (LOI), thermogravimetric
analysis (TGA), and differential scanning calorimetric
(DSC), and the results indicate that flame retardancy of

the treated PA6.6 fabric samples has been significantly
improved. The chemical structures of the treated samples’
surface were characterized by attenuated total reflection
infrared spectroscopy (ATR-FTIR), and the possible photo-
chemical mechanisms were discussed. It is suggested that
this could be the first time to use photografting technology
to enhance the flame retardancy of PA6.6 fabric. VC 2010
Wiley Periodicals, Inc. J Appl Polym Sci 119: 66–72, 2011
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INTRODUCTION

Polyamide6.6 (PA6.6) fabric has been widely used in
textile industry because of its excellent mechanical
properties, good dyeability, resistance to shrinkage
and stretch, pleasant aesthetics, etc. However, the in-
herent combustibility and melt dripping problems of
PA6.6 fabric have been challenged by the increasing
requirements of flame retardancy and antidripping
in many application cases. Three main approaches,
which are copolymerization with a flame retardant
monomer, addition of flame retardants during fiber
spinning and flame retardant finishing of PA fabric,
have been used to improve the fire performance of
PA fabric.1–11 Although effective flame retardancy
can be achieved by both the incorporation of flame
retardant into polyamide chain and adding flame re-
tardant additives, much effort has been made to use
flame retardant finishing to impart flame retardancy
to PA fabrics due to the convenience and inexpen-

siveness during processing in the past three decades
despite the fact that no successful commercial avail-
able finishing has been achieved so far. Thiourea-
formaldehyde treatment is one of the most success-
ful flame retardant finishing for PA fabric; however,
its application is not desirable due to the formalde-
hyde emission during processing and use. With
more strict related legislations (such as RoHS and
REACH) taking into effect, to develop an environ-
mental friendly and effective approach for flame re-
tardant finishing of polyamide fabric is highly
required.
Photografting is often used in fabric surface modi-

fication to improve the wettability,12–16 biocompati-
bility,17,18 and dyeability19 since it is an economical,
environmentally sustainable and effective method
for surface modification of materials without altering
bulk properties. Some efforts have been made to
introduce photopolymerization to flame retardant
polymer. Yuan Hu and Kannan studied thermal
behaviors of a series of novel UV cured flame re-
tardant coatings and resins containing phosphorus,
nitrogen and silicon prepared by photopolymeriza-
tion.20–24

This article reports a novel approach to improve
flame retardancy of PA6.6 fabric. The fabric sample
was firstly surface modified under UV irradiation
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with maleic anhydride (MAn) as grafting monomer,
then further reacted with triethanolamine by a pad-
cure procedure. It is suggested that the use of photo-
grafting techniques to enhance the flame retardancy
of fabric samples has not been reported before.

EXPERIMENTAL

Materials

The 100% lustrous PA6.6 fabric, with an area density
of 165 g/m2, was provided by Chengdu Hairong
Special Textile.

Irgacure 2959 was purchased from Ciba. MAn and
acetone were obtained from Beijing Yili Chemical
Reagent (Beijing, China). Triethanolamine was pur-
chased from Fuchen Chemical Engineering Reagent
Company (Tianjin, China). All the chemicals used
were of reagent grade.

Sample treatment procedures

Surface photografting of PA6.6 fabric

The PA6.6 fabric sample was extracted with acetone
for 24 h, and then washed with petroleum ether for
3 times. Some impurities, such as warp size residues
comprising polyacrylate and polyvinyl alcohol and
mineral oil pollution from processing are expected
to be present on the surface of PA6.6 fabric, which
are soluble or partly soluble in acetone and/or pe-
troleum ether. Hence they can be removed by extrac-
tion and washing. Thereafter, it was soaked in 300
mL acetone solution containing 2 wt % Irgacure
2959 and 30 wt % MAn for 1.5 h. The sample was
irradiated by a high intensity UV lamp with a UV
intensity of 100 W/cm2 for a fixed time. The reacted
sample was rinsed thoroughly with water for 10min,
dried at room temperature, and then extracted with
acetone for 24 h before it was finally dried in oven
at 70�C for 20 min.

Post reaction of the grafted samples

The photografted fabric sample was soaked in 300
mL acetone solution containing 80 wt % triethanola-
mine at room temperature for 2 h, and then reacted
in oven at 160�C for 5 h. The sample was then
rinsed thoroughly with deionized water to remove
the residual reagents.

The percentage grafting

The grafted PA6.6 fabric sample was subjected to
Soxhlet apparatus with acetone for 24 h to remove
the traces of unreacted chemicals and homopoly-
mers. The sample weight was recorded after drying.

The weight percentage of the overall photopoly-
merization (PW%), the weight percentage of the
photografting polymerization (GW%) and the graft-
ing efficiency (Eg) were calculated according to the
following equation:

% Photopolymerization ðPW%Þ ¼ W1 �W

W
� 100%

% Photografting polymerization ðGW%Þ
¼ W2 �W

W
� 100%

Grafting efficiency ðEgÞ ¼ W2 �W

W1 �W
� 100%

where W is the weight of untreated PA6.6 fabric
sample extracted with acetone, W1 and W2 are the
weight of grafted PA6.6 fabric sample before and af-
ter extraction in acetone, respectively. The weight of
photopolymerization is the sum weight of both pho-
tografting polymer and homopolymer.

Tensile property

Tensile properties of PA6.6 fabric samples as func-
tions of irradiation time were tested using GM
T4104 electronic tensioner (Shengzheng, China)
according to GB/T 3923.1-1997 with a drawing
speed of 10 cm/min and a clamping distance of
20 cm.

Structural characterization

The surface structures of untreated and treated
PA6.6 fabric samples were characterized by Fourier
transform infrared (FTIR) spectrometer (ThermoNi-
colet Nexus 670), equipped with a variable-angle
attenuated total reflection (ATR) accessory (PIKE
ATRMax II) with ZnSe (n ¼ 2.43) as internal reflec-
tion element wafer. The incident angle was 45�.

Absorbency

Absorbency of textile refers to the ability of textile to
absorb a liquid in fiber, yarn, or fabric construction.
The absorbency of the PA6.6 fabric sample was
measured according to AATCC test method 79-2007.
A distilled water or triethanolamine droplet from a 3
mL dropper fell from a fixed height onto the taut
surface of sample. The required time for the specular
reflection of the drop to disappear is defined as the
wetting time.25

Limiting oxygen index (LOI) tests

LOI tests were conducted on a JF-3 type instrument
(Jiangning, China), according to GB/T 2403-1993.
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Thermal analysis

Thermogravimetric (TG) and differential scanning
calorimetric (DSC) analysis were performed using a
HENVEN HCT-1 TG-DSC analyzer with the sample
mass range of 3–5 mg in static air atmosphere at a
heating rate of 10�C/min.

RESULTS AND DISCUSSION

Surface photografting

PA6.6 fabric samples were grafted with MAn by
using Irgacure 2959 as photoinitiator. The effects of
irradiation time and monomer concentration on pho-
topolymerization (PW%), surface photograft poly-
merization (GW%) and grafting efficiency (Eg) were
investigated respectively. The effect of the irradia-
tion time on surface photografting and photopoly-
merization is presented in Figure 1. Both PW% and
GW% are zero when irradiation time is less than
1 min, indicating no involvement of both photopoly-
merization and grafting reaction during this period.
PW% reaches its maximal value of 7.3% with the
grafting efficiency of 15.1% in 20 min, indicating that
most monomers have participated photopolymeriza-
tion to form homopolymer. The longer is the irradia-
tion time, the more is the GW%. This may suggest
some homopolymer chains of MAn have attached
on the surface of fabric samples by coupling reac-
tion.26 The GW% reaches its maximum value of
3.6% with the grafting efficiency of 51.4% when
grafting time is 40 min. No increase for both PW%
and GW% has been observed when the irradiation
time is longer than 40 min. It is suggested that the
formation of photografting polymerization can reach
its equilibrium at this stage due to the steric hin-

drance, and hence the surface photografting parame-
ters can not be increased when grafting time is lon-
ger than 40 min.
UV light irradiation could cause damage to the

fabric structure, and hence affect the physical prop-
erties of PA6.6 samples. Table I presents the tensile
strength and elongation data of untreated PA6.6 fab-
ric sample irradiated at different times. The tensile
strength and elongation at break of untreated PA6.6
fabric sample are 145.3 Mpa and 13% respectively.
The tensile strength of all the irradiated samples is
lower than that of the untreated sample. It is sug-
gested that photo-oxidation occurred during irradia-
tion could cause damage to the fibers. 20% decrease
of tensile strength can be observed for the sample
irradiated for 40 min, however, the decrease of elon-
gation at break is minimal. Considering the damage
caused by irradiation and the photografting effi-
ciency (Eg), 40 min has been chosen as the irradia-
tion time in the following study.
The effect of monomer concentration on surface

photografting and photopolymerization is illustrated
in Figure 2. It shows the monomer concentration can
significantly affect the photografting of MAn onto

Figure 1 The effect of the irradiation time on photopoly-
merization (PW%), photograft polymerization (GW%) and
grafting efficiency (Eg).

TABLE I
Tensile Properties of PA6.6 Fabric Samples Before and

After Irradiation

Sample
Irradiation
time (min)

Tensile
strength (MPa)

Elongation
at break (%)

1 0 145.3 13%
2 10 143.9 13%
3 20 138.1 13%
4 30 117.8 13%
5 40 117.3 13%
6 50 116.8 12%
7 60 101.9 12%

Figure 2 The effect of monomer concentration on photo-
polymerization (PW%), photograft polymerization (GW%)
and grafting efficiency (Eg).
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PA6.6 fabric. PW%, GW% and Eg all increase with
the monomer concentration when MAn concentra-
tion is less than 30%. This is because the concentra-
tion controls the diffusion rate of monomer. PW%
and GW% increase with monomer concentration,
while Eg decreases when MAn concentration is more
than 30%. The slow increase of GW% with irradia-
tion time when MAn concentration is more than
30% is due to the steric hindrance caused by the al-
ready grafted polymer chains.

Structural characterization of PA6.6 fabric samples

The surface of treated and untreated PA6.6 fabric
samples was characterized by ATR-FTIR. The results
are shown in Figure 3. The amide characteristic
peaks can be observed at 3301, 1636, and 1536 cm�1

in spectrum a, b and c, which can be assigned to
mNAH, mC¼¼O and the combined absorption of both
dNH and mCAN, respectively.

27 Compared to spectrum
a, spectrum b has an additional peak around 1722
cm�1, which can be attributed to the characteristic

peak of succinic anhydride groups. The intensity
change of absorption peak at 1180 cm�1 which is
assigned to the ACH2A(NH)A groups in Figure 3(b)
indicates the presence of MAn, and the proposed
mechanism of photochemical reaction on the surface
of PA6.6 fabric shown in Scheme 1.28–30 The absorp-
tion peaks at 1124 cm�1 and 1067 cm�1 in spectrum
c can be assigned to CAOAC in ester bond and car-
bonyl groups, which are due to the esterification
between the active anhydride groups from the sur-
face of MAn-g-PA fabric and triethanolamine (see
Scheme 2). The reduction in intensity of absorption
peak at 1180 cm�1 in Figure 3 correlates with graft-
ing. However, the intensity of the peak could also be
influenced by the presence of other groups, such as
methylene hydrogens from maleic anhydride (MA)
and triethanolamine, and the photo-oxidation reac-
tion between the methylene hydrogens from PA6,6
fabric and O2 under UV irradiation. Therefore, the
reduction in intensity of the peak is not proportional
to the graft yield. The spectra of the surface of
treated PA6.6 fabric samples before and after rinsing
with water are presented in Figure 4. The

Figure 3 ATR-FTIR spectra of surfaces of PA6.6 fabric
samples: (a) untreated PA6.6 fabric sample; (b) MAn-g-PA
fabric sample (Cg ¼ 1.8%); (c) triethanolamine reacted
MAn-g-PA fabric sample (Add-ons ¼ 5.0%).

Scheme 1 The mechanism for PA6.6 fabric photografted
with maleic anhydride (MAn) under UV irradiation.

Scheme 2 The esterification reaction of maleic anhydride
(MAn) and triethanolamine (AM ¼ the amide group of
PA6.6).

Figure 4 ATR-FTIR spectra of surfaces of PA6.6 fabric sam-
ples: (a) untreated PA6.6 fabric sample; (b) triethanolamine
reacted MAn-g-PA fabric sample before rinsing; (c) trietha-
nolamine reacted MAn-g-PA fabric sample after rinsing.
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characteristic peaks at around 1124 and 1067 cm�1,
which may due to the esterification between the an-
hydride groups and triethanolamine, can still be
observed after rinsing (see spectrum c) despite their
reduced intensity, which suggests the monomer
MAn and triethanolamine are attached with the
polymer chain by chemical bonds.

Absorbency analysis

Polymaide 6.6 fibers are hydrophilic compared with
polyester, and their moisture regains are about 4.5%.
Figure 5 shows the absorbency of modified PA6.6
fabric samples as functions of irradiation time. The
specular reflection of a water drop takes 419 s to dis-
appear for the untreated PA6.6 fabric sample,
whereas it takes only 49 s for the sample grafted for
40 min. Similar results can be obtained for trietha-
nolamine drops shown in Figure 5. The specular
reflection of a triethanolamine drop takes 1709 s to
disappear on the surface of untreated PA6.6 fabric
sample, whereas it takes only 1136 s for the treated
sample. Table II shows the wetting time decreases
with the degree of photografting. The absorption
and spreading speed of both water and triethanola-
mine on the surface of untreated sample are much

slower than that of grafted samples. It is suggested
that the introduction of the anhydride group
through grafting can further improve the polarity
and hydrophilicity of polyamide6.6 fibers, and hence
can increase the absorbency of the grafted samples.
Therefore, triethanolamine can be easily absorbed by
the grafted fiber, which can improve the possibility
to react with the modified polymer chain.

Flammability analysis

Table III shows the LOI values of different PA6.6
samples. It can be seen that the LOI value of MAn-
g-PA fabric sample (23.3) is slightly higher than that
of untreated PA6.6 fabric sample (22.7). The LOI
value of the PA6.6 fabric sample treated with trietha-
nolamine can reach 26.8, and the LOI value of MAn-
g-PA fabric sample further reacted with triethanola-
mine can reach up to 29.1. Washing stability was
further tested for treated PA6.6 fabric samples in
both water and 0.5% commercial detergent solution
at room temperature. The data are presented in Ta-
ble IV. Flame retardancy of PA6.6 fabric sample
treated with triethanolamine decreases significantly
after 10 cycles of water rinsing, while flame retard-
ancy of MAn-g-PA fabric sample reacted with trieth-
anolamine can be well remained after 10 cycles of
water rinsing. A LOI value of about 25.7 is still
retained. However, MAn-g-PA fabric sample reacted
with triethanolamine loses its flame retardancy after
10 cycles of washings with 0.5% commercial grade

Figure 5 The absorbency of PA6.6 fabric samples with
different irradiation time.

TABLE II
Wetting Time of PA6.6 Fabric Samples With Different

Irradiation Time

Sample
Irradiation
time (min)

Wetting time (s)

Water Triethanolamine

1 0 419 1709
2 20 66 1521
3 30 57 1198
4 40 49 1136
5 50 51 1153

TABLE III
Limiting Oxygen Index of Treated PA6.6 Fabric Samples

Samples
Add-ons

(%)

Limiting
oxygen

index (%)

Untreated PA6.6 fabric 0 22.7
MAn-g-PA fabric 3.6 23.3
PA6.6 fabric with triethanolamine 0.9 26.8
Triethanolamine reacted
MAn-g-PA fabric

6.6 29.1

TABLE IV
Limiting Oxygen Index of Treated PA6.6 Fabric Samples

in Different Cleaning Agents

Cleaning agent

No. of
washing
cycles Sample LOI

Commercial grade
detergent
solution

10 Triethanolamine reacted
MAn-g-PA fabric

23.6

PA6.6 fabric with
triethanolamine

22.0

Water 10 Triethanolamine reacted
MAn-g-PA fabric

25.7

PA6.6 fabric
with triethanolamine

22.5
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detergent solution. It is suggested the grafted chain
is easy to degrade in the commercial grade detergent
solution because of the alkaline condition.

Thermal analysis

TGA curves of treated and untreated PA6.6 fabric
samples under air atmosphere are shown in Figure 6.
It can be seen that untreated PA6.6 fabric sample
decomposes at 390�C. The initial decomposition tem-
peratures of both MAn-g-PA fabric sample and tri-
ethanolamine reacted MAn-g-PA fabric sample are
higher than that of untreated sample. Moreover, the
residual char of treated PA6.6 fabric sample is signif-
icantly higher than that of untreated PA6.6 fabric
sample. The residual char of triethanolamine reacted
MAn-g-PA fabric sample could reach up to 13.1%.
DTG curves of untreated PA6.6 fabric sample and
triethanolamine reacted MAn-g-PA fabric sample are

illustrated in Figure 7. These show that the treated
sample has higher maximal weight loss rate temper-
atures than that of untreated PA6.6 fabric sample.
The maximal weight loss rate temperature of trietha-
nolamine reacted MAn-g-PA fabric sample is 456�C,
which is 30�C higher than that of untreated PA6.6
fabric sample. Figure 8 shows the DSC curves of
treated and untreated PA6.6 fabric samples. Trietha-
nolamine reacted MAn-g-PA fabric sample has an
exothermic peak in the temperature range of 416–
483�C, and it has a smaller and later exothermic
peak than that of untreated PA6.6 fabric sample.
This suggests that the presence of both triethanola-
mine and MAn could improve the thermal stability
of the fabric samples. However, the melt-drip tend-
ency of PA6.6 fabric has not been improved by the
grafting. The enhancement of flame retardancy of
MAn-g-PA fabric sample reacted with triethanola-
mine might be attributed to the release of nonflam-
mable gas such as NH3 and CO2 during combustion,
which can also dilute the concentration of the flam-
mable gas from the degradation of PA6.6 fabric.

CONCLUSIONS

Surface photografting with MAn onto the surface of
PA6.6 fabric has been shown to improve the absorp-
tion and penetration of triethanolamine into the fi-
brous structure as well as enhance the flame retard-
ancy and thermal stability of polyamide6.6 fabric. It
is confirmed that MAn has been photografted on the
PA6.6 fabric surface. The esterification between the
anhydride groups and triethanolamine could further
improve the flame retardancy. The LOI value of
reacted sample with 6.6% grafted add-on can reach
up to 29.1. Efforts are undertaking in our laboratory
to further improve the durability and flexibility of

Figure 6 TGA curves of treated and untreated PA6.6 fab-
ric samples.

Figure 7 DTG curves of untreated PA6.6 fabric samples
and triethanolamine reacted MAn-g-PA fabric samples.

Figure 8 DSC curves of untreated PA6.6 fabric samples
and triethanolamine reacted MAn-g-PA fabric samples.
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treated fabric samples by using different monomers
and will be discussed in the following publications.
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