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a b s t r a c t

Oxidized cassava starch (OCS) was blended with small proportions (0.5–3 wt%) of high molecular weight
of a polyacrylamide (PAM) to overcome brittleness of the starch material for warp sizing. Properties of
the starch-based sizes, blended with the PAM or polyvinyl alcohol (PVA), were compared in order to
highlight the specific strengthening and toughening effects of the PAM on the OCS blends. The results
showed that blending OCS with 3 wt% PAM resulted in growth of tensile strength and elongation at break
by 25.67% and 51.59%, respectively. The viscosity stability and sizing performance were also enhanced.
For equivalent performances of the starch sizes, the dosage of the PAM was needed only one-tenth of
olyacrylamide
olyvinyl alcohol
echanical property
icrostructure
arp sizing

the PVA. Therefore, it was reasonable to expect a replacement of a large amount of PVA in a starch-based
size by adding a small amount of the high molecular weight of PAM. The analyses of the phenomena by
means of ATR–FTIR, SEM and XRD confirmed that hydrogen bonding interaction and chain entanglement
occurred between PAM and OCS molecules, which could inhibit the crystallization of OCS and reduce the
crystallite size in OCS/PAM blend films, and hence strengthen mechanical properties for the blends. While

e two
and
in the OCS/PVA blend, th
the crystallite size of OCS

. Introduction

Among various polymers available for textile sizes, starch has
een considered as a good candidate because of its biodegradabil-

ty, low price and abundant availability (Ma & Yu, 2004; Nakamura,
ordi, Almeida, Duran, & Mei, 2005). For the films made of starch
lone, however, the semi-rigid characteristics of the molecular
keleton and strong intra- and inter-molecular hydrogen bonds
esult in brittleness (Ma & Yu, 2004) and poor processability
f the films at low moisture content (Chen & Lai, 2008; Talja,
elén, Roos, & Joupplia, 2008; Yu, Wang, Wu, & Zhu, 2008). To
vercome the shortcomings, starches and their derivatives are
sually blended with various water-soluble polymers, especially
ith polyvinyl alcohol (PVA) for textile sizes (Jayasekara, Harding,
owater, Christie, & Lonergan, 2004; Zhu, 2003). Nevertheless, PVA

s needed in high mass ratio to starch in blends, sometimes as high
s 1:1 (Lawton, 1996; Lee, Youn, Yun, & Yoon, 2007) or more, for

mproving the mechanical properties of starch sizes effectively. In
he desizing process before textile dyeing and printing, the PVA
esized remains in the desizing wastewater, which is not easy
o be biodegradated comparing with biopolymers (Chiellini, Corti,

∗ Corresponding author. Tel.: +86 28 85405437; fax: +86 28 85405437.
E-mail address: zhupxscu@163.com (P.-x. Zhu).

144-8617/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2010.04.004
polymers had a tendency of self-crystallization, and PVA could increase
decrease its relative crystallinity.

© 2010 Elsevier Ltd. All rights reserved.

D’Antone, & Solaro, 2003; Lin & Lo, 1997) and is considered as an
environmentally hazardous material (Ishigaki, Kawagoshi, Ike, &
Fujita, 1999). Blends of starch with biodegradable polymers, one
instance out of many is polyacrylamide (PAM) (Caulfield, Hao, Qiao,
& Solomon, 2003; McAbee & Shomake, 1995), have generated par-
ticularly commercial interest. In textile industry, close attention
has been paid to PAM as a substitute for PVA in starch-based sizes.

PAM has been used as a textile size owing to its good adhe-
sion to fibers, compatibility with other sizes (El-Sayed, Abo-Shosha,
& Ibrahim, 2009; Ibrahim, Hebeish, Fahmy, & Abo-Shosha, 2005),
and film-forming performance (McAbee & Shomake, 1995). When
mixed with starch or alone for warp sizing, PAM could provide
the sized yarns with good mechanical properties and weavability
(McAbee & Shomake, 1995; Moffett, 2000). A grafted copolymer of
hydrolyzed starch with PAM was also used for size-based material,
which could highly enhance mechanical properties of warp yarns
with the good results originated from effectively chemical modi-
fication of PAM branched chains to the starch backbone (Mostafa,
1997).

PAM is a polymer of C–C linear backbone with an amide side

group per construction unit, the long chains of which are easy
to form a coiled structure and to entangle with each other in
the solution (Shirota & Casrner, 2001). For the system of starch
blended with PAM, the difference in the semi-rigid starch and flexi-
ble PAM polymers makes them difficult to achieve a composite with

http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:zhupxscu@163.com
dx.doi.org/10.1016/j.carbpol.2010.04.004
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desired level of molecular mixing, whereas the specific interac-
ions like H-bonding (Ma & Yu, 2004) between the two polymers
re favorable to their miscibility (He, Zhu, & Inoue, 2004). Introduc-
ng a polymer containing functional groups for hydrogen bonding
nto starch blends has been proven to be an effective method for
mproving the mechanical properties of a variety of starch blends,
uch as chitosan/starch (Xu, Kim, Hanna, & Nag, 2005), plasticized
tarch/polyurethane (Lu, Tighzert, Berzin, & Rondot, 2005), ther-
oplastic starch/polycaprolactone (Shin, Lee, Shin, Balakrishnan,
Narayan, 2004), and the like. On the other hand, the chain entan-

lement between components of polymer blends is relative to
he molecular weight of the polymers involved, and linear poly-

ers with high molecular weight undergo long range interactions
Carlsson & Jonsson, 1996) which plays a major role in improv-
ng the elongation at break (Chang, Ai, Chen, Dufresne, & Huang,
008; Follain, Joly, Dole, & Bliard, 2005). From the two respects of
iscibility and chain entanglement, it appears that the mechanical

roperties of starch may be modified by adding a high molecular
eight PAM into the system in small quantities.

Based on these considerations mentioned above, a molecular
eight of 1.0 × 107 PAM was chosen to be blended in small amounts

0.5–3 wt%) with oxidized cassava starch (OCS) in the study, and
he starch-based blends were prepared using cooking and cast-
ng method. The effects of the PAM on the viscosity, mechanical
roperties, and sizing performance of the OCS/PAM blend sizes
ere studied and compared with those of OCS/PVA blend sizes in

arge amounts (5–30 wt%) of PVA in order to highlight the specific
trengthening and toughening effect of the PAM on OCS. Combined
ith the properties, the structural data obtained from ATR–FTIR,

EM and XRD were analyzed in order to get a basic understanding
f the performance for the OCS/PAM blend sizes.

. Experimental

.1. Materials

Oxidized cassava starch (OCS) with 0.04 wt% carboxyl content
as obtained from Sililun New Textile Co., Ltd. (Suining, China).

olyacrylamide (PAM) with molecular weight 1.0 × 107 Da and
nionicity ca. 1.5 mol% was from SNF, Inc. (Andrézieux Cedex,
rance; trade name: FLOPAM AH 912 SH). Polyvinyl alcohol (trade
ame: PVA 1799) was supplied by Sichuan Vinylon Co. Ltd.
Chongqing, China), and has been used extensively in warp sizing
n China; it has an average DP 1700–1800 and an alcoholysis degree
f 99 ± 1 mol% with molecular weight of 7.6 × 104–8.0 × 104 Da
alculated from the DP and alcoholysis degree. Analytical grade
uCl2 was supplied by Kelong Chemical Reagent Co., Ltd. (Chengdu,
hina). Deionized water was used in all of the experiments.

.2. Preparation of blend size pastes

OCS/PAM blend sizes were prepared as follows: a certain ratio of
AM and OCS powders was dispersed in deionized water with solid
ontent 6 wt%, and then the system was heated from room temper-
ture to the boiling point in a three-necked bottle in a thermostatic
ater bath and maintained in the boiling state for 1.5 h. The whole
rocess was companied with constant stirring using a metal stirrer
ith 20.5 mm diameter at shear rate of 75 rpm. Contents of PAM in

he blend compositions were 0%, 0.5%, 1%, 2%, and 3% (dry weight
ercentage), respectively.
OCS/PVA blend sizes were prepared by the same procedure as
bove, and PVA in their blend compositions were 5%, 10%, 15%,
0%, and 30% (dry weight percentage), respectively. These cooked
lend sizes were for the preparation of blend films and for viscosity
easurement.
mers 81 (2010) 911–918

2.3. Apparent viscosity determination of the pastes

Apparent viscosity of the blend pastes was measured with a
rotating viscometer (trade name: NDJ-79; manufactured by Shang-
hai Ande Instrument Equipment Co., Ltd., Shanghai, China). The
cooked pastes were cooled, while stirring, to 95 ◦C, 85 ◦C, 75 ◦C,
60 ◦C, 45 ◦C, 30 ◦C, respectively, and then the viscosity of the pastes
was measured by using the 1# rotor of the viscometer at each
temperature.

2.4. Film-forming of the blend sizes and mechanical properties
measurement

Each of the cooked pastes in 60 ml volume was spread out with
a syringe onto a 210 mm × 150 mm of glass dish paved with a
polyester film of the same size, which rested on a leveled surface in
ambient condition until the casting film was dried. The OCS/PAM
or OCS/PVA blend films (about 0.1 mm thickness) were separated
from the polyester film and equilibrated further in a desiccator
with controlled RH 68% (over a saturated solution of CuCl2) at room
temperature for three days.

As the blend films were equilibrated, the exact thickness of
the films was measured using a centesimal thickness tester (trade
name: CH-10-AT; made by Shanghai Liuling Instrument Co., Ltd.,
Shanghai, China). For every sample, ten data were recorded and the
average thickness was taken. The tensile strength (TS) and elonga-
tion at break (E%) for blend films were determined using a tensile
testing equipment (trade name: YG061; made by Laizhou Electron
Instrument Co., Ltd., Laizhou, China) with a clamping distance of
100 mm and stretching speed of 100 mm/min. For each set of data,
ten samples were tested, and the average values with the standard
deviation were calculated.

2.5. Adhesiveness test

The sizing paste for the test was prepared by blending the PAM
and the OCS in deionized water. The concentration of the sizing
pastes on the basis of dry weight was fixed at 1%. The PAM in the
OCS/PAM blends was 0%, 0.5%, 1%, 2%, and 3% (dry weight per-
centage), respectively, and the PVA in the OCS/PVA blends was 5%,
10%, 15%, 20%, and 30% (dry weight percentage), respectively. The
resulting suspensions, volume 2500 ml each, were heated to the
boiling point and maintained for 30 min, and then were placed into
a thermostatic water bath maintained at 95 ◦C for use.

The cotton yarn and polyester spun yarn of loosely twisted slub-
bing were used for adhesiveness test by the impregnated roving
method (Zhu & Chen, 2007). The yarns were encircled on a tailor-
made metal rack, then the rack was dipped into the cooked paste
at 95 ◦C and maintained for 5 min. After that, the sized yarns were
hung to be dried at room temperature and equilibrated in a desic-
cator with controlled RH 68% (over a saturated solution of CuCl2)
at room temperature for three days for evaluation.

The tensile strength (TS) of each sized yarns was determined
using the YG061 Tensile Testing Equipment with a clamping dis-
tance of 100 mm and stretching speed of 100 mm/min. For each
data point, 15 samples were tested, and the average values with its
standard deviation were calculated.

2.6. Structure characterization

The film samples were cast using solutions of OCS, PAM and the

OCS/PAM bland in a ratio of 1:1, respectively. FTIR spectra of the
films were recorded by attenuated total reflection (ATR) method in
FTS3000 FTIR Spectrum Scanner (Hercules, USA). After dried over
P2O5 powders, each film was allowed to contact intimately with
the surface of the ATR crystal. The spectra data were collected over
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Table 1
Comparison of tensile properties between OCS/PAM and OCS/PVA blend films.

Sample Dosage (%) Tensile strength
(MPa)

Elongation at
break (%)

PAM PVA

OCS – – 3.35 ± 0.15 3.45 ± 0.25

OCS/PAM 0.5 – 3.74 ± 0.09 3.60 ± 0.41
1 – 4.05 ± 0.20 4.29 ± 0.85
2 – 4.18 ± 0.21 5.04 ± 0.75
3 – 4.21 ± 0.23 5.23 ± 0.69

OCS/PVA – 5 3.43 ± 0.12 3.49 ± 0.29
ig. 1. Temperature dependence of apparent viscosity for (a) OCS/PAM and (b)
CS/PVA blend pastes. The solid content is 6 wt%.

2 consecutive scans with a resolution of 4 cm−1 at room temper-
ture.

SEM images were taken on a scanning electron microscope
Inspect F; FEI Company, Hillsboro, Oregon, USA). The film samples
ere sputtered with gold prior to the fractographic examination.

X-ray patterns of pure OCS film, PAM film and their composite
lms were analyzed using an X-ray diffractometer (XRD D/maxIIIA;
igaku Co., Japan) with Cu radiation at a voltage of 40 kV and
n electric current 30 mA. The samples were scanned between
� = 5–45◦ with a scanning speed of 0.5◦/min. Also, the films of PVA
nd OCS/PVA blends were scanned in the same way.

. Results and discussion

.1. Apparent viscosity and viscosity stability

The viscosity of sizing liquor is a key factor affecting the sizing
erformance. In a sizing process for a given size composite and solid
ontent, lower viscosity of the sizing paste always results in better
uid permeability, but worse coating property and lower add-on for
he yarn. So, add-on and distribution uniformity of the size agents
n the yarns depend to a large extent on the viscosity and stability of

he sizing liquor. Fig. 1 showed the relationship of apparent viscos-
ty dependence on temperature and the dosage of synthetic sizes
n OCS/PAM and OCS/PVA blend sizes. It was found that there were
ignificant rises of the viscosity of the OCS paste, as the tempera-
ure was decreased from 85 ◦C to 75 ◦C. This could be attributed to
– 10 3.58 ± 0.31 4.88 ± 0.52
– 20 3.77 ± 0.25 5.16 ± 0.55
– 30 4.19 ± 0.22 5.18 ± 0.57

the leached amylose molecules that interacted via H-bonding read-
ily with each other, as temperature of the paste decreases, to form
a rigid B-type double helices with a left-handed structure (Gidley,
1989) and a three-dimensional network (Putaux, Bulon, & Chanzy,
2000), which were referred to as quick setback or retrogradation of
amylose in the paste. The same phenomenon of viscosity increase
was observed in the work of Wang and Wang (2001) during cooling
the pastes of acid-thinned corn, potato and rice starches at temper-
atures between 85 ◦C and 75 ◦C with an extent of rising viscosity
corresponding positively to the amylose content.

As the PAM or PVA was added into the system, the paste vis-
cosity increased greatly with increasing the content of synthetic
polymers and increased slowly with decreasing temperature, but
no significant viscosity rises for the blended pastes were observed
from 85 ◦C to 75 ◦C, which could be attributed to some special
interactions between amylose and the soluble synthetic poly-
mers. In the sense of increasing the apparent viscosities, increasing
PAM or PVA in the blends showed similar pictures reflected in
Fig. 1(a) and (b). It should be noted that for any pairs of matched
viscosity–temperature curves between Fig. 1(a) and (b), the dosage
of PAM was only one-tenth of PVA in their respective starch-based
blends. For example, in comparison with pure OCS paste at 95 ◦C
at which ordinary sizing processes implemented, the apparent vis-
cosities of the blends with 3% PAM, Fig. 1(a), and with 30% PVA,
Fig. 1(b), increased by about 77%. From a practical point of view,
the viscosity behavior of OCS/PAM blend sizes in a small quantity
of the PAM was substantially similar with that of OCS/PVA blend
sizes in a large quantity of PVA under ordinary sizing conditions.
Therefore, the similarity of the viscosity–temperature curves for
the OCS/PAM and OCS/PVA blend sizes could lay a foundation for
replacing a large amount of PVA in a starch-based size by adding a
small amount of the high molecular weight of PAM.

H-bonding between amylose molecules results in an increase of
paste viscosity as the system is cooling (Morris, 1990), i.e. short-
term retrogradation. In Fig. 1 the viscosity uptrend for OCS/PAM
was weak in comparison with the OCS paste. The phenomenon
suggested that PAM interacted with starch via H-bonding, and thus
hindered retrogradation of amylose. The effect was dependent on
the molecular weight as well as interactions of the components.
By comparison, PVA stabilized the paste viscosity at temperatures
below 60 ◦C in a lower efficiency than did PAM in their blended
pastes; this resulted from lower molecular weight of PVA together
with less interaction of PVA with starch in their blend paste (Zhu,
2003).

3.2. Tensile properties
The tensile properties of the OCS/PAM and OCS/PVA blend films
were given in Table 1. For OCS/PAM blend films, addition of PAM
from 0.5% to 3% caused a significant increase in both TS and E%.
Take the blend film with 3% PAM as an example, its TS and E% were
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14 Y. Liu et al. / Carbohydrat

.21 MPa and 5.23%, respectively, increasing by 25.67% and 51.59%
ver that of the pure OCS film. For OCS/PVA blend films similar
nhancement behavior of tensile properties was observed, while
he PVA was ten times as more dosage as PAM in the blends. As a
esult, adding a small amount of high molecular weight PAM could
eplace a large amount of PVA in starch-based sizes in the sense of
quivalent tensile properties.

Previous studies (Bourtoom & Chinnan, 2008; Phan, Phan,
ebeaufort, Voilley, & Luu, 2009) demonstrated that the hydrogen
onding between starch and other polymers can improve strength
f the blend materials. Xia, Gao, Song, Zhang, and Zhang (2005)
uggested that PAM and chitosan can form hydrogen bonding inter-
ction, and these interaction points can act as physical cross-linking
oints to increase the chain entanglement, thus the chain move-
ent of polyacrylamide is limited and the Tg of PAM is increased.
s a result, the mechanical properties of the blend material are
nhanced. Kausch and Dettenmaier (1982) presented that the ulti-
ate strain and energy of fracture for glassy polymers strongly

epend on the presence of entanglements. As the chains in blends
each a length longer than that of the critical molecular weight Mc,
he molecules can form a coherently entangled physical network. In
he light of above understanding, the phenomenon of the improved
trength and toughness upon adding a small amount of high molec-
lar weight PAM in the starch blends, in Table 1, could be due to the
ollowing reasons: entanglements between PAM and OCS chains
ere readily generated because of the long and flexible chains of

AM; and thus the moderately physical cross-linking mediated by
he hydrogen bonding between PAM and OCS molecules facilitated
he increase of the strength and elongation at break.

In view of the effect of molecular weight on entanglement, if
comparable molecular weight of PVA with the PAM used was

vailable, it might perform as well as PAM, for the two of them are
f hydrophilic nature and high molecular weight effect; but there
ight be another possibility that the PVA would be no match for

he PAM in the sense of inter-molecular interactions. The discus-
ion would be an interesting topic. It is pity that we cannot directly
ompare the PAM with PVA in this paper, because the molecu-
ar weight of PVA available commercially is only about 1.3 × 104

1.3 × 105 (DP 300–3000), greatly lower than that of the PAM used
n our experiments. In spite of that, we intend to analyze the dif-
erences of properties and structures between PVA and PAM in the
CS matrix later in the paper.

.3. Adhesiveness

Adhesiveness of sizes to fibers would directly affect the quality
nd weaving performance of the sized yarns and the loom effi-
iency. In the study, the impregnated roving method (Zhu & Chen,
007) was used to test the size adhesiveness, in which tensile
trength (TS) of the roving sized by 1 wt % solution of size agents
as tested to measure the adhesiveness of the size agents to the
bers. Fig. 2 showed the dependence of TS value on mass ratio of
AM or PVA in OCS-based blend sizes for polyester yarns and cot-
on yarns, respectively. The TS of yarns sized with OCS/PAM blend
izes increased more rapidly than that with OCS/PVA blend sizes as
he mass ratio of synthetic polymers increased, which indicated a
elatively higher strengthening effect of PAM. Furthermore, the TS
alues of roving yarns sized with OCS/PAM blends were approxi-
ately comparable with that of yarns sized with OCS/PVA blends,
hile the dosage of PAM was obviously less than that of PVA, even at

evels as low as 10% of PVA. Therefore, the phenomenon that replac-

ng a large amount of PVA by a small amount of high molecular

eight of PAM in starch-based sizes could result in an equiva-
ent sizing performance was observed again. The results may be
rom some special interactions between PAM and starch molecules,

ost probably via hydrogen bonding, which can improve interfa-
Fig. 2. Effect of mass ratio of PAM or PVA in OCS blend sizes on tensile strength of
sized roving for (a) polyester yarns and (b) cotton yarns.

cial adhesion of polymeric blends (Massa, Shriner, Turner, & Voit,
1995).

3.4. FTIR spectroscopy

The ATR–FTIR technique was employed to verify the above-
supposed hydrogen bonding interaction. Fig. 3 showed infrared
spectra recorded at room temperature for OCS, PAM and OCS/PAM
blend films in the 1650–1100 cm−1 region. For PAM the peak
at 1597 cm−1 was assigned to the bending vibration of N–H
bond, which experienced a blue shift to 1611 cm−1 as shown
in the spectrum of OCS/PAM film, because of the H-bonding of
PAM–N–H···O–OCS and an increase of the energy that the bending
vibration needed. On the other hand for OCS, the peak 1157 cm−1

had been attributed to C–O and C–C stretching (Dumoulin, Alex,
Szabo, Cartilier, & Mateescu, 1998), which shifted to 1150 cm−1 in
the case of the OCS/PAM blend, indicating the bonds elongated by
the H-bonding. Furthermore, Bernazzani, Peyyavula, Agarwal, and
Tatikonda (2008) attributed the peak 1121 cm−1 for the starch spec-
trum to the H-bonding between starch molecules, while the peak
almost disappeared in the OCS/PAM spectrum. It is possible that the
hydrogen bondings among starch molecules of themselves were
hindered and replaced by that between starch and PAM, as PAM

was introduced into the blend.

Previous study (Jayasekara et al., 2004) revealed that there
is no obvious H-bonding interaction between PVA and starch in
the cast-blended films, which was verified by XRD, FTIR and 13C
NMR techniques. The differences in strength of H-bonding between
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(RC), the dimension of the unit cell (DUC) and the crystallite size
ig. 3. FTIR–ATR spectra of OCS, OCS/PAM (1:1) and PAM films in the
650–1100 cm−1 region.

tarch/PAM and starch/PVA may be resulted from relative strength
f Lewis acid and base for the group pairs participated in form-
ng the H-bonding. For example, H-bonding between acrylamino
n PAM and hydroxy in starch will be stronger owing to hydrogen
ond cooperativity than that between hydroxy pairs in the case of
VA–starch system and in starch of its own (Kuo & Chang, 2001).

.5. Surface morphology of the films

Morphology studies can provide the information on miscibil-
ty of polymeric blends (Wang & Composto, 2003), so the surface

orphology of the OCS film, OCS/PAM and OCS/PVA blend films
as evaluated by SEM. The OCS film in Fig. 4(a) presented a

oarse surface stacked by pelleted particles, which is believed
o be resulted from amylopectin retrogradation (Lawton, 1996;
opez-Rubio, Flanagan, Gilbert, & Gidley, 2008; Putaux et al., 2000;
iong, Tang, Tang, & Zou, 2008), cocrystallization between amylose
nd amylopectin and from crystallization of amylopectin (Rindlav-
estling, Stading, & Gatenholm, 2002). The particle size became

maller with adding PAM in a pattern that seemed to prevent
he particles from growing, and a more uniform and smooth sur-
ace was observed; this suggested that determinate miscibility
xisted between PAM and OCS. Similar observations were reported
or other starch blend films, which had been attributed to strong
ydrogen bonding between starch and other components (Phan
t al., 2009; Wu, Geng, Chang, Yu, & Ma, 2009; Xiong et al.,
008). When the SEM photos were magnified, we can see from
ig. 4(a) that the maximum diameter of the pellets was dramati-
ally reduced with increase of PAM content, e.g. from ca. 2 �m for
CS film to ca. 0.5 �m for OCS/PAM blend film with 2% PAM.

OCS/PVA films, however, as seen in Fig. 4(b), presented a “sea-
sland” structure on the surface with the particle size of ca. 4 �m,
ven much coarser than the pure OCS film; this indicated that a
hase separation occurred during the film forming. Furthermore,
he aggregated particles did not decrease their pellet size but their
ggregation number decreased with increasing PVA content, as if
he island melt bit by bit into the sea, which was not observed in

CS/PAM blend films possibly owing to miscibility of OCS and PAM
olecules. Similarly, Jayasekara et al. (2004) revealed a starch/PVA

ast film flexible and homogeneous on a macroscopic scale but on
microscopic scale there seemed to be small patches of individ-
mers 81 (2010) 911–918 915

ual components. Zhu (2003) showed another evidence of phase
separation for the starch/PVA system in paste.

3.6. Crystallization analysis

Crystallization of starch materials is of great technological
importance due to the effect on their mechanical properties. In view
of that, the influence of PAM or PVA on crystallization of the OCS
was investigated by use of X-ray diffraction patterns for the films,
shown in Fig. 5, together with their crystallographic data on some
crystal planes in Table 2.

As shown in Fig. 5(a), a total amorphous pattern was clearly
observed for the PAM film, while the OCS film had four main
diffraction peaks appearing at 2� = 5.5◦, 17.1◦, 19.6◦ and 22.3◦,
respectively, corresponding to the crystalline feature of a typical
B-type hexagonal unit cell crystalline structure (Wang, Yu, & Yu,
2008). The characteristic diffraction peaks of B-type crystal of the
OCS kept almost the same position regardless of contents of the
PAM, but the XRD intensity varied. The peak at 2� = 17.1◦ corre-
sponding to {1 2 1} crystal plane (Lopez-Rubio et al., 2008) became
dominant and sharp. In order to quantitatively analyze crystalliza-
tion behavior of the OCS film and OCS/PAM blend films with various
PAM contents, the total crystallinity (TC), relative crystallinity (RC),
the dimension of the unit cell (DUC) and the crystallite size (CS) at
2� = 17.1◦ on {1 2 1}plane were calculated by MDI Jade 5.0 software
and presented in Table 2. It was found that the TC value gradually
decreased from 9.15% for OCS to 5.70% for the blend film with 3%
PAM, together with decrease of crystallite size from 95 Å to 74 Å
on the {1 2 1} plane, the tendency of which was in agreement with
the phenomena observed in Fig. 4(a) for the blend films. Because
of miscibility that the blend films displayed by SEM and FTIR, the
OCS spherulites became smaller and finely distributed. The X-ray
data clearly indicated that amylopectin retrogradation in the films
was inhibited by PAM. In addition, with increasing PAM content,
the dimension of the unit cell at 2� = 17.1◦ increased (Table 2); this
indicated that PAM might participate in or affect crystallization of
OCS via H-bonding verified by the analysis of ATR–FTIR (Fig. 3).
As a result of miscibility and chain entanglements of the PAM and
OCS, the physical cross-linking would increase the friction among
the molecular chains, lower the mobility of the starch chains to the
front of crystal growth, and then hinder the starch from spherulite
growth.

Generally, imperfect crystals containing defects are typical of
a brittle matrix, whereas perfect crystals may contribute to the
improved toughness (Wong, Shanks, & Hodzic, 2004). It is obvi-
ous that a fine distribution of crystal particles in semicrystalline
polymers can reduce the inner stress concentration in the mate-
rial, which in turn leads to an extensive shear deformation. By way
of incorporation of the long chain PAM into the OCS, such factors
as the hydrogen bonding interaction that could enhance the ten-
sile strength by interfacial adhesion in polymeric blends (Massa et
al., 1995), the relatively perfect crystal spherulites that could result
in toughening effect, and chain entanglements that could act as
physical cross-linking points between PAM and OCS to form a net-
work in the matrix structure, were considered to be responsible for
enhancing and toughening the OCS/PAM blend film, as well as for
steadying properties of the blend pastes.

By comparison, PVA exhibited a semicrystalline structure, as
shown in Fig. 5(b), with the peak at 2� = 19.7◦ corresponding to
{1 0 1̄} crystal plane (Strawhecker & Manias, 2000) as seen in
Table 2, where the total crystallinity (TC), the relative crystallinity
(CS) at 2� = 19.7◦ and 2� = 17.1◦ were calculated by use of MDI Jade
5.0 software, respectively. There were four reasoned thinkings from
the data in Table 2: (A) TC increased with increasing PVA con-
tent, which was on the whole attributed to crystallization of PVA



916 Y. Liu et al. / Carbohydrate Polymers 81 (2010) 911–918

2 wt

r
p
R
w
A

T
T

Fig. 4. SEM images of (a) the OCS film and the OCS blend films with 1 and
eflected from RC at 2� = 19.7◦ and responsible for enhanced tensile
roperties (Table 1). (B) For 2� = 17.1◦ relative to OCS crystallinity,
C decreased but the CS increased with increasing PVA content,
hich was in accordance with SEM observations (Fig. 4(b)). (C)
lso for 2� = 17.1◦, the DUC of the starch remained unchanged as

able 2
otal crystallinity (TC), relative crystallinity (RC), dimension of unit cell (DUC) and crysta

Sample Dosage (%) TC (%) RC (%)

PAM PVA 2�

17.1◦

OCS – – 9.15 7.14

OCS/PAM 1 – 7.50 5.56
2 – 5.72 4.30
3 – 5.70 4.21

OCS/PVA – 10 11.05 6.17
– 20 17.46 2.35
– 30 20.29 0.8
– 100 27.67 –
% PAM, and (b) the OCS blend films with 10 wt%, 20 wt% and 30 wt% PVA.
PVA content increased, which indicated no PVA molecules to par-
ticipate in crystallization of starch. In this case, PVA would take the
conformation either to be crystallized itself or to be associated with
starch in amorphous region. And (D) with increasing PVA content,
the RC of the OCS dramatically decreased and the RC of the PVA

llite size (CS) of films for pure OCS, pure PVA, OCS/PAM and OCS/PVA blends.

DUC (Å) CS (Å)

2� 2�

19.7◦ 17.1◦ 19.7◦ 17.1◦ 19.7◦

– 5.17 – 95 –

– 5.18 – 83 –
– 5.19 – 76 –
– 5.20 – 74 –

3.29 5.17 4.46 98 93
12.15 5.17 4.55 112 94
18.64 5.17 4.51 115 94
27.56 – 4.58 – 94
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ig. 5. Wide-angle XRD patterns of (a) pure PAM, pure OCS and OCS/PAM blend
lms with varied concentrations of PAM, and (b) pure PVA, pure OCS and OCS/PVA
lend films with varied concentrations of PVA.

ontrarily increased, and upon a certain amount of PVA added into
he OCS/PVA blend, for example 30% PVA in our experiment, almost
o crystallite character of OCS could be observed.

Arithmetic averages of the total crystallinity (TC) for OCS/PVA
lends with PVA 10%, 20% and 30%, calculated from TCs of the
ure OCS (9.15%) and pure PVA (27.67%), were 11.00%, 12.85% and
4.71%, respectively, comparing with the TC values from XRD data
f 11.05%, 17.46% and 20.29% in Table 2. The difference and vari-
tion tendency depended on the PVA content in the blend. As the
atio of PVA added was small, e.g. 10% PVA, the TC from XRD data
as about equal to the arithmetic average, which suggested no

pecial interactions between the two components and reflected a
acroscopic phase separation structure of individual components.
s PVA content increased, TCs in Table 2 tended to be higher than

he arithmetic average, which implied that the OCS could induce
rystallization of PVA which may be a representative of microscopic
hase separation where the PVA crystals separated from OCS/PVA
lend in amorphous state.

The results and discussion above along with SEM observations
uggested a picture that in the OCS/PVA system a small ratio of PVA
ould promote crystal growth of OCS with a macroscopic phase

eparation; and in the case of large ratios of PVA mixed, PVA would
rystallize itself with a tendency of becoming microscopic phase
eparation from OCS/PVA amorphous matrix. Although more stud-

es are needed to confirm the mechanism, such affirmation can be
rawn as that in addition of PVA the OCS could increase its crystal-

ite size as a result of phase separation, especially evident when
small ratio of PVA added. This was different from the case of
CS/PAM system where PAM decreased the relative crystallinity
mers 81 (2010) 911–918 917

and crystallite size of the OCS. This can also be used to argue that if a
comparable molecular weight of PVA with the PAM used was avail-
able, it might not perform as well as the PAM, in the sense that PAM
is an amorphous polymer with better H-bonding ability to inter-
act with starch molecule, while PVA is a semicrystalline polymer
with poor interaction with starch. This together with entanglement
effect also explains why adding a small amount of high molecular
weight PAM into the OCS material exhibits an increased mechanical
behavior.

4. Conclusions

In the paper, a high molecular weight of PAM were used in
weight percent of 0.5–3% in OCS/PAM blends, to replace PVA 5–30%
by weight in OCS/PVA blended textile sizes. Such the sizing prop-
erties of the OCS/PAM blends, as paste viscosity and its stability
at lower temperature, tensile performance of the blend films, and
adhesiveness of the blends on cotton and on polyester fibers, could
substantially match with the OCS/PVA blends, and yet the dosage
of PAM was only one-tenth of PVA to get roughly equivalent perfor-
mances. Microstructural analyses confirmed the hydrogen bonding
interaction and the chain entanglement between the amorphous
PAM and OCS, and finely distributed spherulites and relatively per-
fect crystals for the OCS/PAM blend films, which were responsible
for the enhanced sizing performance, and tensile and toughening
effects. In contrast, adding the semicrystalline PVA into OCS led to
a larger crystallite size and decreased relative crystallinity of OCS.
Small ratios of PVA led to a macroscopic phase separation and a
crystal growth of OCS in the OCS/PVA system; and large ratios of
PVA were favorable to crystallization of PVA with a tendency of
becoming microscopic phase separation from OCS/PVA amorphous
matrix. Therefore, OCS/PVA blends with larger proportion of PVA
had a good sizing performance. In other words, increase of mechan-
ical properties for OCS/PVA blends was due to the presence of PVA.
In summary, the PAM did provide the OCS size agent with better
sizing behavior. So it was reasonable to expect that small amounts
of high molecular weight of PAM could replace large amounts of
PVA in starch-based sizes.
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