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ABSTRACT: Polycarboxylic acids have been used as non-
formaldehyde durable press finishing agents for cotton fab-
rics. Previously, we found that itaconic acid (IA) polymer-
ized in situ on cotton fabric and also in an aqueous solution
in the presence of a K,5,05/NaH,PO, initiation system.
Both poly(itaconic acid) (PIA) and the polymer formed by in
situ polymerization of IA are able to crosslink cotton cellu-
lose, thus imparting wrinkle resistance to cotton. In this
research, we compared the performance of the cotton fabric
crosslinked by PIA and that crosslinked by in situ polymer-
ization of IA. The fabric treated with PIA and that treated
with IA had similar wrinkle recovery angles. The cotton
fabric treated with IA, however, lost more tensile strength
than that treated with PIA due to cellulose degradation. We
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determined the magnitude of the fabric tensile strength loss
attributed to crosslinking by separating the tensile strength
loss due to cellulose degradation from the total tensile strength
loss, and found that the tensile strength loss caused by
crosslinking for the fabric treated with PIA was significantly
higher than that for the fabric treated with IA. This can prob-
ably be attributed to more concentrated crosslinkages formed
on the near surface of the PIA-treated cotton fabric. PIA had
poorer penetration into the amorphous cellulose region in fiber
interior due to its much larger molecular size, thus increasing
its concentration on the fabric’s near surface. The data also
suggest that more concentrated crosslinkages on the fabric
surface reduced fabric abrasion resistance. © 2003 Wiley Period-
icals, Inc. ] Appl Polym Sci 87: 20232030, 2003

INTRODUCTION

Polycarboxylic acids were used as crosslinking agents
for cotton cellulose.'™ However, the performance of
the crosslinked cotton fabrics was not satisfactory be-
cause the catalysts used were not efficient enough to
ensure effective crosslinking of cellulose. Since the late
1980s, extensive efforts have been made to use poly-
carboxylic acids as durable press finishing agents for
cotton to replace the formaldehyde-based dimethyl-
oldihydroxylethyleneurea (DMDHEU) due to the in-
creasing concern with the toxicity of formaldehyde.*?
Polycarboxylic acids, such as 1,2,3,4-butanetetracar-
boxylic acid (BTCA), have shown high levels of effec-
tiveness for crosslinking cotton when sodium hy-
pophosphite (NaH,PO,) was used as the catalyst.®™
Multifunctional carboxylic acids can also be used as
crosslinking agents for wood pulp cellulose to im-
prove paper wet strength.lo_14

Itaconic acid (IA) is difficult to polymerize in aque-
ous solutions under conditions normally used for vi-
nyl monomers. The first homopolymerization of IA
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reported in 1959 was carried in a 0.5M hydrochloric
acid solution with K,S,0g4 as an initiator, and it took
several days to achieve 35% yield."”> IA was also po-
lymerized in methanol at room temperature with 2,2'-
azo-bis-isobutyronitrile (AIBN) as a free-radical initi-
ator, and it took 30 days to reach 70% yield.'® In our
previous research, we found that in the presence of a
redox initiation system consisting of NaH,PO, and
K,S5,04, IA can polymerize in an aqueous solution.'”

Choi reported that treating cotton fabric with a mix-
ture of maleic acid (MA) and IA, in the presence of
K,5,04 as an initiator, significantly increases the wrinkle
resistance of the treated cotton fabric.'® Previously, we
found that MA and IA polymerize in situ on the cotton
fabric at elevated temperatures when both K,5,04 and
NaH,PO, are present."” We also found that IA is able to
homopolymerize in situ on cotton fabrics at elevated
temperatures.”>?! Both PIA and the polymer formed by
in situ polymerization of IA are able to crosslink cotton
cellulose, thus imparting wrinkle resistance to cotton.?>*

In this research, we evaluated the performance of
the cotton fabric crosslinked by PIA and that
crosslinked by in situ polymerization of IA. We com-
pared the mechanical strength and abrasion resistance
of the crosslinked cotton fabric so that we can eluci-
date the relationship between the mechanical strength
of crosslinked cotton fabric and the size of the
crosslinking agent.
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EXPERIMENTAL
Materials

The cotton fabric was a 100% cotton scoured, desized,
and bleached printcloth (Testfabrics Style 400). IA,
BTCA, sodium hypophosphite (NaH,PO,), and potas-
sium persulfate (K,5,0g) were reagent grade chemi-
cals supplied by Aldrich.

Polymerization

One hundred twenty-five grams (125 g) IA and 50 g
NaH,PO, were dissolved in 325 mL water at 65°C.
Sixteen grams (16 g) K,S,04 were then added to the
solution in batches for 30 min. The polymerization
continued for another 120 min. Extra NaH,PO, was
added to the solution after the polymerization process
was complete so that the IA-to-NaH,PO, ratio reached
6:5.3 in the PIA solution. The PIA concentration was
then diluted to 6% based on the amount of IA added
to the solution, and the solution thus prepared was
used directly to treat the cotton fabric.

Cotton fabric treatment

A cotton fabric sample was first impregnated in an
aqueous solution containing PIA/NaH,PO,, or that
containing IA, K,S,0;, and NaH,PO, with a weight
ratio of 6:2:4.9. Another cotton fabric sample was
treated with 5.4% BTCA and 2.7% NaH,PO,. The IA
and BTCA solutions contained approximately the
same carboxylic mole concentration (0.92 mol/L). The
fabric was then passed through two dips and two nips
in a laboratory padder with wet pick-up ranging from
95 to 100%. The impregnated fabric was dried at 85°C
for 3 min, and then cured at a specified temperature
for 3 min in a Mathis curing oven. All the concentra-
tions were presented as percent weight of bath
(YowoDb).

Evaluation of fabric performance

Tensile strength and flex abrasion resistance were
tested according to ASTM Method D 5035-95 and
D3885-92, respectively, and only the tensile strength at
filling direction was measured. Wrinkle recovery an-
gle (WRA) was measured according to AATCC Stan-
dard Method 66-1996. The home laundering washing/
drying procedure was conducted according to
AATCC Standard Method 124-1996. The initial prop-
erties of the cured fabric samples were measured after
one washing cycle without the use of a detergent.

Hydrolysis of the crosslinked cotton fabric and the
calculation of fabric tensile strength loss

We used alkaline hydrolysis with a 0.1M NaOH solu-
tion at 50°C for 50 h to remove the ester crosslinking in
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the cotton fabric treated with PIA or IA. The WRA of
the treated fabric decreased to the level of an un-
treated cotton fabric sample after 50 h of hydrolysis,
indicating complete removal of the ester crosslinking
on the fabric. The total tensile strength loss (%) of a
crosslinked cotton fabric sample was calculated by the
following formula: [tensile strength of a control sam-
ple — tensile strength of the crosslinked sample]
+ [tensile strength of a control sample] X 100. The
tensile strength loss (%) due to crosslinking was cal-
culated by the following formula: [(tensile strength of
a crosslinked sample after hydrolysis — tensile
strength of the crosslinked sample before hydrolysis)
+ tensile strength of a control sample] X 100, assum-
ing that the contribution to the total tensile strength
loss by crosslinking and acid degradation are additive.
The tensile strength loss due to cellulose degradation
(%) was calculated by the following formula: [(tensile
strength of a control sample — tensile strength of a
crosslinked sample after hydrolysis) X tensile strength
of a control sample] X 100.

Fourier transform (FT)-Raman spectroscopic
measurement

A Nicolet 950 FT-Raman spectrometer with a liquid
sample accessory and an InGaAs detector was used to
collect the Raman spectra of the solutions. For the
Raman spectra, the resolution was 8 cm !, and there
were 128 scans for each spectrum.

RESULTS AND DISCUSSION

IA and NaH,PO, were first dissolved in water and the
temperature was raised to 65°C. The FI-Raman spec-
trum of the solution is shown in Figure 1(A). The
intense band at 1645 cm ™' is the C=C stretching mode
of IA, and the peak of 1705 cm ! is attributed to the
stretching mode of the carboxylic carbonyl of IA. The
asymmetric and symmetric stretching modes of unsat-
urated =CH, of IA were shown at 3118 and 3008
cm ™Y, respectively, whereas the asymmetric stretching
mode of —CH,— appeared at 2938 cm™" in Figure
1(A). The sharp peak at 1044 cm ™" is due to the P—O
stretching mode of H,PO, . >**

K,5,04 was added to the solution in batches during
a period of 30 min, and the polymerization proceeded
for another 30 min. The FI-Raman spectrum of the
reaction mixture [Fig. 1(B)] shows that the intensity of
the bands at 3118, 3008, and 1645 cm ! due to unsat-
urated C—H and C=C, all are characteristic bands of
IA, were reduced, whereas a band at 2942 cm ™! due to
saturated CH, emerged, indicating the formation of
PIA. One also observes that the carboxylic acid car-
bonyl band shifted from 1705 cm tin Figure 1(A) to
1710 em ™" in Figure 1(B). The two bands at 1078 and
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Figure 1 FT-Raman spectra of the aqueous solution of IA, NaH,PO,, and K,S,04: (A) before polymerization; (B) polymer-

ized for 60 min; (C) polymerized for another 90 min.

836 cm ™' in Figure 1(B) are attributed to the stretching
modes of =0 and S—O, respectively, of S,05>~.*

After the polymerization was continued for another
90 min, the characteristic bands of TA at 3118, 3008,
and 1645 cm ™! disappeared completely in Figure 1(C),
indicating that the polymerization was complete. The
carboxylic acid carbonyl band increased its frequency
further to 1719 cm ™! in Figure 1(C), because the con-
jugation between C—=C and C=0 shifted the carboxylic
acid carbonyl stretching mode to a lower frequency,*
and it no longer existed when the C=C bond became
saturated after polymerization. The band at 821 cm™"
in Figure 1(A) due to out-of-plane deformation of
=CH, of IA also disappeared completely in Figure
1(C). The band at 1403 cm ™! in Figure 1(A), attributed
to the combination of C—O stretching and O—H de-
formation of 1A,* shifted to 1420 cm ™" in Figure 1(C)
the polymerization was complete. We can observe that
the two bands at 1078 and 836 cm ™' due to S,04*"
disappeared whereas a band at 982 cm ™" due to SO,*~
emerged, showing that all the K,5,05 added to the
reaction mixture decomposed. The polymerization
mechanism of IA was investigated using mass spec-
troscopy and 3P nuclear magnetic resonance (NMR)
spectroscopy, and the molecular weight of PIA was
found to be approximately 700. The results will be
discussed in a subsequent paper.

The cotton fabric was treated with PIA, IA, and
BTCA with carboxylic acid concentration ranging

from 2 to 10%, dried, and finally cured at 180°C for 3
min. The WRA of the cotton fabric thus treated is
shown in Figure 2. The data indicated that IA im-
parted slightly higher wrinkle resistance to cotton
than PIA, whereas BTCA was a much more effective
crosslinking agent than IA and PIA. The BTCA-treated
cotton fabric had significantly higher WRA than that
treated with IA or PIA. The slightly lower WRA for
the PIA-treated fabric than the IA-treated one can
possibly be attributed to the difference in the ability of
PIA and IA to penetrate into the interior of cotton
fibers. The molecular size of IA is much smaller than
PIA. The smaller IA molecules had better penetration
into the amorphous regions of cotton fibers to form a
more homogeneously distributed crosslinking than
PIA. More homogeneous distribution of crosslinks in
cotton fibers is beneficial to the wrinkle resistance of
the crosslinked cotton fabric.”” One also observes in
Figure 2 that the slope (WRA vs acid concentration)
decreased as the acid concentration was raised above
the 6% concentration level, probably due to the lack of
cellulosic hydroxyl groups to esterify the acid at the
high acid levels.

The cotton fabric treated with 6% PIA, 6% IA, and
5.4% BTCA, and then cured at different temperatures
for 3 min. The WRA of the cotton fabric thus treated is
presented in Figure 3. BTCA was apparently more
effective in crosslinking cellulose and imparting sig-
nificantly higher wrinkle resistance to cotton than IA
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Figure 2 Wrinkle recovery angle of the cotton fabric treated with IA, PIA, and BTCA of different concentrations and cured

at 180°C for 3 min.

and PIA. The IA-treated fabric showed slightly higher
WRA than that treated with PIA (Fig. 3). We also can
observes that WRA for the cotton fabric treated with
PIA, IA and BTCA had a more steep increase as the
curing temperature was increased from 140 to 160°C,
and the increase in WRA became much more moder-
ate as the curing temperature was increased further to
180 and 200°C (Fig. 3).

The percent tensile strength loss of the cotton fabric
treated with IA and PIA of different concentration and
cured at 180°C for 3 min, and that treated with 6% IA
and 6% PIA and cured at different temperatures for 3
min are presented as a function of WRA of the treated
fabric in Figures 4 and 5, respectively. The data pre-
sented show that the fabric tensile strength loss in-
creased as the WRA increased as a result of higher

320

concentration of the crosslinking agent and higher
curing temperature, as shown in Figures 3 and 4,
respectively. We can observe hat the tensile strength
loss for the fabric treated with PIA was significantly
lower than that treated with IA at the same WRA in
both Figures 4 and 5.

In our previous research, we found that the strength
loss for cotton fabric crosslinked by a polycarboxylic
acid is attributed two factors: irreversible cellulose
degradation and reversible crosslinking of cellulose by
the polycarboxylic acid.?® In order to study the
strength loss of the cotton fabric treated with PIA and
that treated with IA, we first evaluated the effect of the
K,5,04/NaH,PO, initiation system on cellulose deg-
radation. NaH,PO, functions as the reducing agent in
the initiation system and also as the catalyst for cellu-
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Figure 3 Wrinkle recovery angle of the cotton fabric treated with 6% IA, 6% PIA, and 5.4% BTCA and cured at different

temperatures for 3 min.
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Figure 4 Tensile strength (filling) loss for the cotton fabric treated with IA and PIA of different concentrations and cured at

180°C for 3 min vs wrinkle recovery angle.

lose esterification. We found that the effect of
NaH,PO, on the fabric strength is negligible. The cot-
ton fabric was treated with K,S,04 and the combina-
tion of K,S5,0g and NaH,PO,, with a K,S,04-to-
NaH,PO, ratio of 2:4.9 (w/w), and the treated fabric
was heated at 180°C for 3 min. Presented in Figure 6 is
percent strength loss of the fabric treated with K,S,04
and the combination of K,S,0g and NaH,PO, as a
function of the concentration of K,S,04. One observes
a significant loss in fabric strength caused by K,S,04
alone. The cotton fabric lost 40.2% of its original
strength when it was treated with 0.25% K,S,0g, and
the strength loss increased to 76.6% as the K,S,0q
concentration was increased to 1% (Fig. 6). The dimin-
ished fabric strength is evidently due to the oxidative
effects of K,5,05. The strength loss of the cotton fabric
treated with K,S,04/NaH,PO, was much more mod-

70

erate than that treated with K,S,0g alone, because
NaH,PO, reduced K,S,0g4 on the fabric, thus minimiz-
ing the oxidative effect of K,S,04. The fabric treated
with 1% K,5,0g and 2.45% NaH,PO, lost only 41.3%
of its strength. All the K,5,0g decomposed during
polymerization process of IA as indicated by the com-
plete disappearance of the two bands at 1078 and 836
cm™ due to the stretching mode of SO and S—O,
respectively, of S,04°" in Figure 1(C). Therefore, the
cotton fabric treated with PIA was not degraded by
K,5,05/NaH,PO, initiation system under the curing
conditions.

The cotton fabric was treated 6% PIA and 6% IA,
and then cured at different temperatures for 3 min.
The cured cotton fabric was then hydrolyzed in 0.1M
NaOH at 50°C for 50 h to remove the crosslinking in
the fabric. Our previous research showed that all the
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Figure 5 Tensile strength (filling) loss for the cotton fabric treated with 6% IA and 6% PIA and cured at different

temperatures for 3 min.
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Figure 6 Tensile strength (filling) loss for the cotton fabric treated with K,S,04 and NaH,PO,/ K,S,O, and heated at 180°C

for 3 min.

crosslinking in the cotton fabric treated with 6% BTCA
and cured at 180°C for 2 min was totally removed after
hydrolysis in 0.1M NaOH at 50°C for 48 h.?® Thus, the
percent tensile strength loss of the crosslinked cotton
fabric due to degradation can be determined based on
the difference between the tensile strength of control
fabric and that of the crosslinked fabric after hydroly-
sis. The percent tensile strength loss due to degrada-
tion of the cotton fabric treated with 6% IA and that
treated with 6% PIA are shown as a function of curing
temperature in Figure 7. One observes that the IA-
treated cotton fabric lost from 37 to 49% of its original
strength due to cellulose degradation whereas the
PIA-treated fabric lost 15 to 34% of its strength due to
degradation when the curing temperature was in-
creased from 150 to 190°C (Fig. 7). The data indicate
that the strength loss of the fabric treated with IA was

12-19% higher than that treated with PIA in the tem-
perature range (150-190°C). Evidently, the oxidative
effect of K,S,04 on the IA-treated fabric caused more
strength loss than the PIA-treated fabric.

We determined the percent strength loss of the
crosslinked cotton fabric due to crosslinking based on
the difference between the strength of the fabric before
hydrolysis and that after hydrolysis. The percent
strength loss due to crosslinking of the fabric treated
with 6% IA and that treated with 6% PIA presented in
Figure 8 show that the tensile strength loss due to
crosslinking for the IA-treated fabric was 8-11% lower
than that for the PIA-treated fabric at different tem-
peratures. The data presented here suggest that the
mechanical strength of crosslinked cotton fabric is af-
fected by the size of the crosslinking agent, and the
consequent distribution of the crosslinks across the
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Figure 7 Tensile strength (filling) loss due to degradation for the cotton fabric treated with 6% IA and 6% PIA and cured

at different temperatures for 3 min.
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Figure 8 Tensile strength (filling) loss due to crosslinking for the cotton fabric treated with 6% IA and 6% PIA and cured

at different temperatures for 3 min.

fabric. IA, with its molecular size much smaller than
that of PIA, had better penetration into the fiber inte-
rior, therefore had more homogeneous distribution in
the fabric. Consequently, the IA-treated fabric had
significantly lower tensile strength loss due to
crosslinking than the PIA-treated fabric because of a
more homogeneous distribution of the crosslinks
across the fabric cross section. Our observation here is
consistent with what reported in the literature.”*° De
Bore and Borsten observed that mercerized and DP
finished cotton fabric had more homogeneous distri-
bution of crosslinks and improved fabric tensile and
tearing strength.”® Shin and co-workers used “wet
fixation” and “steam fixation” to facilitate the penetra-
tion of monomeric crosslinking agents into fiber inte-
riors and observes higher fabric strength.*

Shown in Figure 9 is the flex abrasion resistance vs

WRA of the cotton fabric treated with PIA and BTCA
of different concentrations and cured at 180°C for 3
min. The BTCA-treated cotton fabric appeared to have
significantly higher abrasion resistance than the PIA-
treated fabric at the same levels of wrinkle resistance.
The difference in fabric abrasion resistance is most
likely due to the different distribution of the crosslinks
in the treated fabric. The molecular size of PIA is much
larger than that of BTCA, and consequently its ability
to penetrate into the fiber interior is reduced com-
pared with that of BTCA. Therefore, PIA-treated cot-
ton fabric with more concentrated crosslinks on the
fabric surface had lower abrasion resistance than
BTCA-treated cotton fabric.

We also evaluated the home laundering durability
of the cotton fabric crosslinked by PIA. The cotton
fabric was treated with 6% PIA and cured at 180°C.
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Figure 9 Flex abrasion resistance (filling) of the cotton fabric treated with PIA and BTCA of different concentrations and

cured at 180°C for 3 min s wrinkle recovery angle.
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TABLE 1
The Performance of Cotton Fabric Treated with 6% PIA and 5.4% BTCA and Cured at 180°C for 3 min
DP rating WRA (degree, W+F)
. ] Tensile Flex abrasion
Washing cycle Washing cycle strength resistance
0 5 10 20 30 0 5 10 20 30 (filling, kgf)  (filling, cycle)
PIA 3.6 3.5 3.2 3.1 3.0 269 263 259 257 245 10.1 190
BTCA 3.8 3.6 3.5 3.4 3.2 305 282 276 270 262 7.7 147
Control - 200 20.5 595
The treated fabric was subjected to 30 home launder- 3. Rowland, S. P.; Brannan, M. F. Textile Res J 1968, 38, 634.
ing washing/drying cycles. The cotton fabric was also 4. xeicﬁf (C: M. Regle;" ofcl?;ogress In (;Olorf’f‘tl?l’;‘f 1992;122' 321
T ith 6% BTCA for mparison. Th rfor- 5. Welch, C. M. In Surface Characterization of Fibers and Textiles;
treated with 6% C 0 compariso . € pe 0. Pastore, C. M., Kiekens, P., Eds; Mercel Dekker: New York, 2000;
mance of the cotton fabric thus treated is shown in pp 5-25
Table I. The WRA of the BTCA-treated cotton fabrics 6. Welch, C. M. Textile Res ] 1988, 58, 480.
decreased from 305° to 262° after 30 washing cycles, 7. Welch, C. M.; Andrews, B. A. K. US. Pat. 4,820,307, April
whereas the WRA of the PIA-treated fabric decreased 11,1989.
from 2690 to 2450 (Table I) BTCA is apparently more 8. Andrews, B. A. K. Textile Chem Color 1990, 22(9), 63.
effective than PIA for crosslinking cotton. Neverthe- 1(9)' ;;ng' 5 QL Xu, L; II;I,CS-;IIIaHg,P Y'TTi’ftﬂeBRIe)s ]d1998' 6f8f)457'
less, the cotton fabric treated with PIA still maintained - Ahot - J; Luneer, P.; Caluwe, P; Tekin, B. Products of Paper-
DP rating after the 30 washi les (Table 1) making 1993, 2, 1045,
at 3.0 rating atter the 5U washing cycles (1able 1). 11 caulifield, D. F. TAPPI J 1994, 77(3), 205.
12. Yang, C.Q.; Xu, Y. ] Appl Polym Sci 1998, 67, 649.
13. Xu, G. G.; Yang, C. Q. ] Appl Polym Sci 1999, 74, 907.
CONCLUSIONS 14. Xu, G. G; Yang, C. Q.; Deng, Y. ] Paper Pulp Sci 2001, 27(1), 14.
Tensile strength and abrasion resistance of crosslinked 13- Marvel, C. S Shepherd, T. H. J Org. Chem 1959, 24, 599.
cotton fabric are affected by the size of the crosslinking le. y;gﬂd(o‘”c’ J.; Fillpovic, J.; Djakov, D. P. Polym Bull 1994, 32,
agent. A crosslinking z.:lger}t with smallq m.olecular 17. Yang, C. Q; Gu, X. J Appl Polym Sci 2001, 81, 223.
size has better penetration into the fiber interiors and 18. Choi, H.-M. Textile Res J, 1992, 62, 614.
more homogeneous distribution in the fabric, which 19, vang, C. Q; Wang, X;; Lu, Y., ] Appl Polym Sci 2000, 75, 327.
result in higher tensile strength and abrasion resis- 20. Yang, C. Q.; Lu, Y. Textile Res J 1999, 69, 782.
tance. 21. Yang, C. Q; Lu, Y. Textile Res ] 2000, 70, 359.
Although TA is a more effective crosslinking agent 22 Mao, Z; Yang, C. Q. J Appl P\%y]rln Sci 2001, 79, 319. N
than PIA, oxidative effect of the initiator diminishes 23. Daimay, L. V; Norman, B. C.; William, G. F.; Jeanette, G- G The
h hanical h of th linked fab Handbook of Infrared and Raman Characteristic Frequencies of
t_ € mechanica Stre.ngt of the .CI'OSS nke COttOI} ab- Organic Molecules; Academic Press, New York, 1991, pp 74-76,
ric. The cotton fabric treated with PIA shows satisfac- 268.
tory durable press performance and good home laun-  24. Colthup, N. B.; Daly, L. H.; Wiberley, S. E. Introduction to
dry durability. Infrared and Raman Spectroscopy, 3rd ed.; Academic Press:
New York, 1990; pp 247-251.
We are grateful to National Textile Center for providing 25. Socrates, G. Infrared Characteristic Group Frequencies; Wiley:
funding for this research project (C00-C01). New York, 1994; p165.
26. Bellamay, L. J. The Infrared Spectroscopy of Complex Mole-
cules; Chapman & Hall: New York, 1975; pp 191-192.
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