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Abstract

A co-oligomer of maleic acid and methylacrylate (COMM) was used to crosslink rayon fibers. It was shown to be a more effective
polycarboxylic crosslinking agent than 1,2,3,4-butanetetracarboxylic acid (BTCA) as judged by the enhancement of mechanical proper-
ties. Similar to BTCA, COMM formed a five-membered cyclic anhydride intermediate by anhydridisation of a carboxyl group pair, and
subsequently the anhydride intermediate reacted with cellulose in the amorphous regions to form an ester linkage. Apparent crosslinking
degree (ACD) of the crosslinked rayon fibers was proposed to quantify the crosslinking efficiency of COMM. The water sorption iso-
therm was not strongly affected by crosslinking whereas water retention after swelling in excess water decreased with the degree of
crosslinking.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Crosslinking of cotton cellulose with polycarboxylic acids
has provided an alternative route to formaldehyde-free
durable press cotton fabrics. Polycarboxylic acids contain-
ing a pair of adjacent carboxyl groups can be used to cross-
link cellulose. Examples are 1,2,3,4-butanetetracarboxylic
acid (BTCA) (Morris, Morris, & Trask-Morrell, 1996; Yang,
1991; Yang & Bakshi, 1996; Yang, Wei, & Lickfield, 2000),
poly(maleic acid) (Chen, Yang, & Qiu, 2005), maleic acid
and itaconic acid copolymer (Yang & Lu, 1999), maleic acid
(MA) (Yang & Wang, 1996), itaconic acid (ITA) (Yang &
Wang, 1996), succinic acid (SUA) (Yang & Wang, 1996),
tricarballylic acid (TCA) (Yang & Wang, 1996), citric acid
(CA) (Ibrahim, Abo-Shosha, Elnagdy, & Gaffar, 2002;
Yang & Wang, 1996), 1,2,3-benzenetricarboxylic acid
(Yang & Wang, 1996), 1,2,4-benzenetricarboxylic acid
(Yang & Wang, 1996), 1,2,3,4-cyclobutanetetracarboxylic
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acid (CBTCA) (Yang & Wang, 1996), 1,2,3,4-cyclopentane-
tetracarboxylic acid (CPTA) (Yang & Wang, 1996), tetrahy-
drofuran-2,3,4,5-tetracarboxylic acid (HFTA) (Yang &
Wang, 1996), 1,2,4,5-benzenetetracarboxylic acid (BZTA)
(Yang & Wang, 1996), 1,2,3,4,5,6-cyclohexacarboxylic acid
(CHHA) (Yang & Wang, 1996), and mellitic acid (Yang &
Wang, 1996). Cellulose esterification by all these polycarb-
oxylic acids proceeds in two steps, formation of a five-
membered cyclic anhydride intermediate by anhydridisa-
tion of a carboxyl group couple, and esterification of cel-
lulose by the anhydride intermediate to create an ester
linkage. The second carboxyl group in the pair is less effec-
tive that the first one for esterification for cellulose (Yang
& Wang, 1996). Among these polycarboxylic acids, BTCA
has attracted most attention because it is generally
acknowledged as the most efficient crosslinking agent for
cellulose. Crosslinking of cellulose fabrics with these poly-
carboxylic acids significantly improved resiliency or wrin-
kle-resistance, but caused severe loss of tensile strength of
cellulose fabrics due to the molecular rigidity of the
crosslinkers.
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Polysaccharide fibers, such as cellulose and chitosan
fibers, are generally low in strength, especially in wet
strength, which limits their application. Some efforts have
been reported to crosslink chitosan fibers in order to
enhance its mechanical properties with glutaraldehyde or
glyoxal (Knaul, Hudson, & Creber, 1999; Yang, Dou,
Liang, & Shen, 2005). Glutaraldehyde was also used in
durable press finishing of cotton fabrics. However, these
crosslinking agents are toxic, which is an obstacle to indus-
trial application.

Design of aldehyde-free, more flexible polycarboxylic
acids with higher crosslinking efficiency to enhance both
resiliency and mechanical properties of polysaccharide fibers
and fabrics still remains a challenge (Chen, Lickfield, &
Yang, 2004). These polycarboxylic acids should be co-oligo-
mers comprising segments with at least two carboxyl groups
and flexible segments to improve the accessibility of the car-
boxyl groups and distribution homogeneity of the crosslinks.
Copolymers of high molecular weights are not desirable as
their penetration into the amorphous regions of cellulose is
difficult. Moreover, redundant carboxyl group pairs on the
copolymers result in overcrosslinking, which has an adverse
effect on mechanical properties because of internal stress
concentration. Here we describe the use of a co-oligomer
of maleic acid as a flexible crosslinking agent for cellulose
fibers to form intrafiber crosslinked structures in order to
optimize the mechanical properties of cellulose fibers. The
molecular structure of the co-oligomer of maleic acid and
methylacrylate (COMM) is shown in Chart 1. The crosslink-
ing behavior of COMM was compared with BTCA to illus-
trate the advantages of COMM. Cellulose fibers in their
completely dry state have the consistency of a brittle resin
and are completely inflexible. The cohesive forces in the
micellar system are so powerful that the whole molecule
becomes rigid. Water is an indispensable softener for cellu-
lose, no other substance having this property to such a
marked degree. In particular, macroscopic properties, such
as mechanical properties and resiliency, rely strongly on
molecular-level swellability of cellulose fibers. Therefore,
responses of the COMM-crosslinked cellulose fibers to both
liquid water and water vapor are also investigated to under-
stand the mechanical properties and resiliency of the cross-
linked fibers.
2. Experimental

2.1. Materials

Never-dried cotton-type rayon staple fibers with an
average length of 38 mm and linear density of 1.67 dtex
Chart 1. Molecular structure of COMM, n P 2, m + n < 14.
were kindly supplied by the Nanjing Chemical Fiber Co.,
Ltd., China. COMM (Mn = 500–1200) was purchased
from Changmao Biochemical Engineering Co., Ltd.,
China. The molar fraction of methylacrylate segments in
COMM is 0.759, and that of maleic acid is 0.241. Sodium
hypophosphite monohydrate (NaH2PO2ÆH2O) with purity
of 98.0%, sodium hydroxide (NaOH) with purity of
P96.0%, potassium acetate (KAc) with purity of P92.0%,
potassium carbonate (K2CO3) with purity of P99.0%,
and magnesium nitrate hexahydrate (Mg(NO3)2Æ6H2O)
with purity of P99.0% were purchased from Shanghai
Chemical Reagent Co., Ltd. Phosphorus(V) oxide (P2O5)
with purity of P98.0%, and potassium hydrogen phthalate
with purity of P99.8% were obtained from Shanghai
Lingfeng Chemical Reagent Co., Ltd. Magnesium chloride
hexahydrate (MgCl2Æ6H2O) with purity of P98.0% was
from Shanghai Jingxi Chemicals Co., Ltd., and sodium
chloride (NaCl) with purity of P99.5% was from Shanghai
Wenhao Boichemical Co., Ltd.

2.2. Determination of crystallinity of cellulose fibers

Crystallinity of the cellulose fibers was derived from
wide angle X-ray diffraction (WAXD). WAXD was mea-
sured at a scanning rate of 0.02� S�1 in 2h ranging from
5� to 60� on a Rigaku X-ray diffraction D/MAX 2580VB
with high intensity CuKa radiation (k = 0.154056 nm).

2.3. Crosslinking of rayon fibers

Never-dried cotton type rayon fibers corresponding to
5.0 g dry weight were treated with an aqueous solution con-
taining 8.0 wt% of COMM as the crosslinking agent and
5.0 wt% sodium hypophosphite (SHP) as the catalyst for
crosslinking via padding through two dips and two nips
to reach an average wet pickup of 120%. After drying at
40 �C in a vacuum, the treated fibers were cured at a spec-
ified temperature ranging from 150 to 210 �C for 5 min in a
curing oven. Finally, the cured fibers were washed with a
large amount of distilled water three times to remove exces-
sive COMM and SHP, and then dried completely at 40 �C
under vacuum.

2.4. Fourier transform infrared (FTIR) measurement

FTIR absorption spectra were recorded with a Nicolet
670 spectrometer. A total of 10 scans for each sample were
taken with a resolution of 2 cm�1. The sample for FTIR
analysis was prepared as follows. Cellulose fibers were
cut into powder with a fiber microtome (Hardy’s thin
cross-section sampling device). Potassium bromide (KBr)
powder was used as a reference to produce a background
spectrum. Prior to measurement the cured fibers were trea-
ted with 0.1 M NaOH solution for 3 min with vigorous stir-
ring to convert carboxyl groups into carboxylate anions so
as to separate absorption band of the ester carbonyl from
that of the overlapping carboxyl carbonyl.
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2.5. Titration of free carboxyl groups and ester linkages in

crosslinked fibers

The concentration of carboxyl groups in 1 g of the dry
COMM-treated rayon fibers before curing (C0) was
determined by first grinding them into a powder to
improve sample uniformity. The powder sample was dis-
persed into distilled water and then titrated with a
0.0188 M NaOH solution as a titrant in the presence
of phenolphthalein as an indicator. The NaOH solution
had been standardized with potassium hydrogen phthal-
ate prior to titration. Concentrations of free carboxyl
groups in 1 g of the crosslinked fibers before washing
(C1) and after washing (C2) were determined in the same
way as described above. So the concentration of the gen-
erated ester linkages in 1 g of the crosslinked fibers could
be determined indirectly, and was equal to the difference
between C0 and C1. It should be noted that ester link-
ages in the methylacrylate segments of COMM were
not incorporated into the concentration of the titrated
ester linkages, which was based on the concentration of
carboxyl groups. Concentration of carboxyl groups aris-
ing from ageing or oxidation (C3) was obtained by titra-
tion of the virgin cellulose fibers. Consequently, the
concentration of free carboxyl groups in the bound
COMM could be estimated from the difference between
C2 and C3.
2.6. Measurement of tensile properties

Dry and wet tensile strength of the uncrosslinked and
crosslinked rayon fibers was measured on a universal ten-
sile tester (XQ-1, China Textile University) according to
the standard method ASTM D3822-01. The fiber samples
were preconditioned for 1 day so that they would reach
the standard atmospheric equilibrium of 65% relative
humidity (RH) at 20 �C. A gauge length of 20 mm was
employed at a constant drawing rate of strain at 100%
min, or 20 mm/min. Fifty tests were completed for each
result.
Fig. 1. XRD pattern for virgin rayon fibers.
2.7. Water retention value (WRV)

WRV was measured by dispersing 0.5 g of the cured
fibers in deionized water, soaking for 12 h, and then cen-
trifuging the fibers in a tube at 1000g for 20 min with a
porous screen at the bottom to separate initially surplus
water from the fiber masses. The centrifuged fibers were
weighed to get the wet weight WW. After a thorough
drying of the centrifuged fibers in a vacuum at 40 �C,
the dry weight WD was reweighed. WRV was calculated
as

WRV ¼ W W � W D

W D

ð1Þ
2.8. Sorption and desorption cycles

An absolutely dry system with relative humidity (RH)
0% was created by adding P2O5 into a desiccator with a
diameter of 180 mm. In a similar way, closed systems with
RH of 23%, 33%, 43%, 52%, 75%, and 100% at 25 �C were
generated by substituting P2O5 with saturated salt solu-
tions of KAc, MgCl2, K2CO3, Mg(NO3)2, NaCl, and
deionized water, respectively. After the rayon fibers were
deposited into a weighing bottle and then placed in the des-
iccator with P2O5, the moisture sorption cycle was started
by rising RH from 0% to 100% successively. The rayon
fibers were conditioned in each desiccator for 24 h and
weighed in a closed weighing bottle. One hour was suffi-
cient for each system to reach its equilibrium RH after
opening and adding the rayon fibers as checked by a
hygrometer, and 15 h was long enough for the rayon fibers
to attain equilibrium weight (Okubayashi, Griesser, &
Bechtold, 2004; Okubayashi, Griesser, & Bechtold, 2005).
Desorption cycle was measured in the same way by step-
wise decrease in RH.

3. Results and discussion

3.1. Crosslinking of cellulose fibers via esterification

Cellulose structures in never-dried rayon fibers (corre-
sponding to dry weight 5.0 g) were fully open and had a
much greater tendency to adsorb 6.0 g of the mixed solu-
tion containing COMM (0.48 g) and SHP (3.0 g,
0.0283 mol) than a fiber which had been collapsed by dry-
ing and then rewetted. The WAXD pattern of the rayon
fibers was shown in Fig. 1. There was a small peak at
2h = 12.4� and double peaks at 2h = 20.4� and 21.5�, cor-
responding to lattice planes of (1�10), (110), and (200) of
cellulose II, or hydrate cellulose, respectively (Cai et al.,
2004; Kaplan, 1998). The crystallinity of the rayon fibers
determined from the WAXD pattern was 50.2%, indicat-
ing that only 49.8% amorphous cellulose regions were
accessible to esterification by COMM (Rowell & Young,
1978). Accordingly, the accessible hydroxyl in the never-



Fig. 2. FTIR absorption spectra of (a) virgin rayon fibers, and crosslinked
rayon fibers at curing temperatures of (b) 150 �C, (c) 160 �C, (d) 170 �C,
(e) 180 �C, (f) 190 �C, (g) 200 �C, and (h) 210 �C.
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dried rayon fibers (dry weight 5.0 g) was estimated to be
0.0461 mol. The relative reactivity of the hydroxyl groups
of cellulose was in the order C-6 > C-2 > C-3 during the
heterogeneous esterification, in which cellulose remained
insoluble in the reaction mixture (Zhou, Qin, Liu, &
Zhang, 2006). However, a homogeneous reaction ensured
a more uniform accessibility of these hydroxyl groups
(Hirrien, Desbrières, & Rinando, 1996). It was determined
by titration that 4.083 · 10�3 mol of carboxyl groups
located on COMM had penetrated into the amorphous
regions of the never-dried rayon fibers, and esterified the
hydroxyl groups of cellulose molecules (Scheme 1). So
the feed molar ratio of the accessible hydroxyl groups
to carboxyl acid groups was 11.3. This ratio was kept
constant for all the crosslinking reactions of the rayon
fibers in this research.

When the esterification occurred between COMM and
cellulose, the carbonyl originated from the maleic acid seg-
ments of COMM bound to cellulose macromolecules
existed in two forms, intermolecular ester linkages and free
carboxyl groups. Both the forms could be present in one
COMM molecule. Because the absorption band of the car-
boxyl carbonyl overlapped with that of the ester carbonyl
in FTIR spectra (Yang, 1991), the carboxyl carbonyl was
converted into carboxylate carbonyl by treating the cross-
linked fibers with an aqueous NaOH solution of 0.1 M at
room temperature. In Fig. 2, the absorption bands at
1716 and 1574 cm�1 were assigned to the ester and carbox-
ylate carbonyl, respectively (Yang, 1991). There was no
absorption corresponding to the ester or carboxylate car-
bonyl for the uncrosslinked rayon fibers. The esterification
between cellulose and COMM was still difficult to identify
although the relative absorption intensity at 1716 cm�1

increased with the curing temperature, because both the
generated ester linkages and methylacrylate segments of
COMM contributed to the increase of the absorption
intensity at 1716 cm�1. The amount of the bound COMM
increased with the curing temperature as discerned from
the absorption intensity at 1574 cm�1. Therefore, the gen-
erated ester linkages were further quantified by direct titra-
tion as shown below.
Scheme 1. Schematic diagram of esterification c
3.2. Carboxyl conversion rate and apparent crosslinking

degree

Conversion rate of carboxyl groups into ester linkages
for COMM was defined as the number ratio of the gener-
ated ester linkages to total esterifiable carboxyl groups on
bound COMM according to the following equation:

Conversion rate ¼ N e

0:5N e&f

� 100%

¼ C0 � C1

0:5ðC0 � C1 þ C2 � C3Þ
� 100% ð2Þ

where Ne is the number of the ester linkages derived from
the esterification in the crosslinked cellulose fibers. Ne&f is
the total number of carbonyl from the maleic acid segments
of the bound COMM, which is the sum of the generated
ester linkages and free carboxyl groups in the bound
COMM. After an ester linkage was formed from an anhy-
dride intermediate, the generated carboxyl group was less
effective than the first one for further esterification, because
formation of a five-membered cyclic anhydride intermedi-
ate was necessary for a polycarboxylic acid to esterify cel-
lulose, and hence only one of two neighbouring carboxyl
groups was able to esterify cellulose (Mao & Yang,
rosslinking between cellulose and COMM.



Fig. 4. Concentration of generated ester linkages and free carboxyl groups
in the crosslinked fibers cured at various temperature.

W. Li et al. / Carbohydrate Polymers 73 (2008) 223–230 227
2001). So on average only half of the total carboxyl groups
in the bound COMM were esterifiable. Fig. 3 revealed the
dependence of the total concentration of carbonyl from the
maleic acid segments of COMM and conversion rate of the
carboxyl groups into the ester linkages on curing tempera-
ture. The total concentration of carbonyl groups in Fig. 3
was exactly the sum of the concentrations of both the gen-
erated ester linkages and the free carboxyl groups on
COMM molecules covalently bound to the fibers via at
least one ester linkage. The amount of esterified COMM
increased with curing temperature, that is, more COMM
was esterified at the higher curing temperature. The conver-
sion rate increased by approximately 10% for each 10 �C
interval of the curing temperature in the range from 150
to 200 �C, and approached its equilibrium value of
68.68% at curing temperatures of 200 and 210 �C, which
is more than five times that at 150 �C. In particular, as
many as 50% of esterifiable carboxyl groups in COMM
were esterified at a curing temperature of 180 �C. The total
carboxyl concentration in Fig. 3 was divided into the
concentrations of the generated ester linkages and free car-
boxyl groups in Fig. 4. The concentration of the generated
ester linkages increased rapidly with curing temperature
and the maximal value was obtained at 200 �C. The con-
centration of the free carboxyl groups that were attached
to the rayon fibers but not involved in esterification in-
creased from 0.31 mmol/g fiber (150 �C) to 0.48 mmol/g fi-
ber (190 �C), and then decreased slightly.

Apparent crosslinking degree (ACD) is defined as the
number ratio of bridgeable crosslinkages formed from
pairs of the generated ester linkages in the amorphous
regions of a cellulose fiber sample to the total accessible
hydroxyl groups for the crosslinking agent located in the
amorphous regions of the same cellulose fiber sample.

ACD ¼ 0:5N e

W �fa

162
� 3� 1000

¼ 0:5ðC0 � C1Þ
fa

162
� 3� 1000

ð3Þ

where W is the weight of the cellulose fiber sample in g.
0.5Ne means the number of the bridgeable crosslinkages
in mmol formed from pairs of the generated ester linkages
Fig. 3. Dependence of total carbonyl concentration from maleic acid
segments of esterified COMM and conversion rate on curing temperature.
in the cellulose fiber sample. fa is the weight fraction of the
amorphous regions of the cellulose fibers obtained from
WAXD. One hundred and sixty two is the molecular
weight of a glucopyranose ring, and there are three hydro-
xyl groups in each glucopyranose ring. C0 and C1 are in
mmol/g fiber. Because some of the generated ester linkages
were not in the form of the bridgeable crosslinkages, i.e.,
pendant ester linkages, apparent crosslinking degree was
adopted here to evaluate the crosslinking efficiency. In
Fig. 5, ACD increased from 1.13 · 10�3 at the curing tem-
perature of 150 �C to 1.34 · 10�2 at 200 and 210 �C. Actu-
ally, ACD of 7.88 · 10�3 at 180 �C afforded optimal tensile
strength of the crosslinked fibers with the optimal dry ten-
sile strength 2.78 ± 0.17 cN/dtex and wet tensile strength
1.43 ± 0.19 cN/dtex, increased 30.5% and 28.8%, respec-
tively, based on the tensile strength of the virgin rayon fi-
bers. However, ACD of 1.01 · 10�2 at 190 �C reduced
the mechanical properties of the COMM-crosslinked fibers
probably due to excessive crosslinking and thus internal
stress concentration. That is to say a medium optimal
crosslinking extent was desired from the viewpoint of the
mechanical properties of the crosslinked rayon fibers. So
far as BTCA-crosslinked rayon fibers are concerned, the
mechanical performance of the same rayon fibers was opti-
Fig. 5. Dependence of apparent crosslinking degree on curing
temperature.
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mized under the curing temperature of 180 �C with dry and
wet tensile strength of 2.51 ± 0.06 and 1.42 ± 0.10 cN/dtex.
However, a higher crosslinking degree of the BTCA-cross-
linked rayon fibers was necessary than that of the COMM-
crosslinked fibers to attain their respective optimal dry and
wet tensile strength. It seemed that there was some relation-
ship between the distribution homogeneity of the crosslink-
ages and the optimal tensile strength. The comparative
rigidity of BTCA might account for the lower optimal
dry tensile strength at the higher crosslinking degree re-
quired to attain the most homogeneous distribution of
the crosslinkages at the curing temperature of 180 �C.

3.3. Liquid water response

Water retention of the crosslinked fibers was closely
related to swellability of cellulose molecules, which was
influenced dramatically by ACD. Swelling of the cross-
linked fibers occurred in the amorphous regions when the
fiber molecules were pushed apart by the absorbed water
molecules. Mechanically held water was removed from
capillaries and interfiber areas via centrifugation during
the WRV tests to obtain the true water content (Xu, Yang,
& Den, 2006). So the WRV tests provided an indication of
the capacity of the crosslinked fibers to take up liquid water
and swell. Fig. 6a and b shows that the WRV reduced with
curing temperature and apparent crosslinking degree of the
crosslinked fibers from the WRV value of 0.972 g/g for the
virgin rayon fibers. The higher crosslinking degree caused a
denser macromolecular network with less capillary spaces
in the amorphous regions. The crosslinked network struc-
tures effectively screened the interior of the fibers from
the flux of incoming water, preventing swelling of cellulose
molecules by water. A decreased number of the hydroxyl
groups available for bonding with water as a result of the
generation of the numerous ester linkages in the cross-
linked fibers might be a minor reason for the reduction
of WRV. It was the densely packed structures and less
swelling of the crosslinked fiber that accounted for the
enhanced wet tensile strength.
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3.4. Gaseous water vapor response

The affinity of cellulose fibers for water has been known
for more than a century. The moisture absorption capacity,
regarded as a function of the amorphous regions, is of par-
amount importance in the processing. Furthermore, it is an
important indicator to evaluate the wearing comfort of tex-
tile materials. The sorption and desorption data for cellu-
lose together formed a sorption loop, i.e., a pair of BET
Type II multilayer isotherms, as shown in Fig. 7. Adamson
explained the first section of the Type II isotherm up to the
‘knee’ corresponded to a single layer of water molecules
adsorption over the surface of the cellulose (monolayer for-
mation) (Adamson, 1982). The intermediate region indi-
cated multilayer build-up, and the apparent infinite film
thickness at high relative humidity (asymptotic section)
indicated interparticle, or capillary, condensation. The dif-
ference between the sorption and desorption isothermals
occurred due to hysteresis which was not explained by
BET theory. Hysteresis arose from two competitive possi-
bilities. Considering a hydroxyl group on a glucopyranose
ring in a cellulose molecule, either a water molecule was
absorbed on it or a hydrogen bonding was formed with
another hydroxyl group in the neighbouring cellulose mol-
ecules. The chance of hydrogen bonding formation with
water depended on the number and velocity of the water
molecules present in the atmosphere. But the chance of
hydrogen bonding formation with another hydroxyl group
relied on the proximity of another hydroxyl group, which
was more likely to occur during the sorption process as
the other hydrogen bonding held the cellulose molecules
close together than during the desorption process as the
cellulose molecules were far apart. Consequently, the net
chance of water absorption was greater in the desorption
process, resulting into hysteresis in the moisture absorp-
tion. In Fig. 7, the equilibrium moisture regain of the cross-
linked fibers under the curing temperature of 180 �C was
slightly lower than that of the uncrosslinked fibers during
the second and third sections, whereas difference could be
scarcely observed for the first section. Since moisture was
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Fig. 7. Equilibrium moisture sorption and desorption isothermals at
25 �C for the uncrosslinked rayon fibers (d), and crosslinked rayon fibers
at 180 �C (s).
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attached only to the fiber surfaces as well as multilayer
stacking on fiber surfaces, the network structures of the
crosslinked fibers slightly mitigated multilayer stacking
and interparticle, or capillary, condensation of water mol-
ecules as mesopore size did not vary much due to the low
ACD of 7.88 · 10�3 at the curing temperature 180 �C in
Fig. 5. The sorption–desorption cycles and concomitant
hysteresis were hardly affected by the still low crosslinking
degree of 1.01 · 10�2 at 190 �C curing (not shown), indicat-
ing the fiber surfaces and spacers of the cellulose molecules
were not obviously affected by the low crosslinking degree,
and thus the interaction between moisture and the cross-
linked fibers was not as distinct as the differences in swell-
ing in excess water.

The moisture absorption was related to the behavior of
fibers exposed to atmospheric humidity, which occurred
chiefly on the internal surfaces of the hygroscopic cellulose.
Fortunately, water regain decreased little after crosslink-
ing, indicating fabrics from the crosslinked fibers may be
as comfortable as uncrosslinked fibers to wear because of
its maintenance of moisture balance with respect to human
skin. However, the liquid water retention of the crosslinked
fibers was due to the penetration of liquid water into the
amorphous regions and swelling of the cellulose molecules.
The cellulose molecules moved apart and gave room for the
water to enter, but the ingress of liquid water was strongly
restricted by the crosslinks in the amorphous regions,
which anchored cellulose molecules and prevented their
breaking away completely. The removal of liquid water
from masses of fibers has practical application in the drying
of textiles, where the initial surplus water may be removed
by squeezing, centrifuging, or merely by gravity. Reduction
of wet weight of the crosslinked fibers is of great signifi-
cance to economize on energy in the process of drying from
the viewpoints of both rayon industry and the daily use of
rayon fabrics. Moreover, diminished swelling in liquid
water of the crosslinked fibers has technical consequences
in wet tensile strength and dimensional stability of cellulose
fabrics.
4. Conclusions

The co-oligomer of maleic acid and methylacrylate
(COMM) was utilized to crosslink the viscose rayon fibers
via intermediate anhydridisation followed by the esterifica-
tion crosslinking. For the first time the chemical structure
of the obtained polymer complex has been characterized
through the carboxyl esterification rate of COMM and
ACD. The crosslinking reaction was conducted under a ser-
ies of curing temperature in the presence of SHP as the cata-
lyst. Both the carboxyl esterification rate of COMM and
ACD increased with curing temperature up to 200 �C.

It was found that the crosslinking reaction had a notable
impact on the response of the crosslinked fiber to liquid
water as shown by the WRV results, but very little influ-
ence on the moisture sorption–desorption isotherms. It is
believed that the WRV is correlated with the swelling
behavior of the crosslinked cellulose fibers, while the sorp-
tion–desorption isotherms are correlated with the total
accessible water to absorption sites over their internal sur-
faces. These interesting phenomena may have valuable util-
ity for the COMM-crosslinked rayon fibers as a new kind
of textile fibers.

In comparison with the low molecular weight crosslin-
kers, e.g., BTCA, the oligomeric crosslinker with the flexi-
ble molecular chains is a more efficient way to improve the
mechanical properties of cellulose fibers. Detailed mechan-
ical and resiliency properties of the COMM-crosslinked
fibers will be published in a successive paper.

More flexible crosslinkers containing various co-mono-
mers with controlled chain sequences and length are being
considered to tailor special structures and properties of the
crosslinked cellulose fibers and fabrics. This idea can also
be applied to other polymer materials, which are crosslink-
able through flexible oligomeric molecules.
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