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Abstract
Chitosan-modified corn starch was prepared and then applied as a glass fiber sizing agent. 
The effect of the chitosan on starch-based emulsion, film and sized glass fiber was studied. 
When 5 % of the chitosan was added, the overall performance of the modified film-forming 
agent was optimal. The viscosity, surface tension and zeta potential of the sizing agent were 
44.99 mPa·s, 51.29 mN·m-1 and 4.5 mV, respectively. The modified sizing agent could easily 
spread over the surface of glass fibre, and conglutinated to the glass surface firmly. The tensile 
strength and stiffness of modified-starch glass fiber reached 0.43 N·tex-1 and 4.96 cm. Glass 
fiber with good overall performance was obtained.
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Traditionally a paraffin-based sizing 
agent is used in the glass fiber textile 
industry. However, it contains dicyan-
diamide-formaldehyde polycondensate 
[7], which can barely be removed in the 
heat cleaning process, resulting in yellow 
or brown stripes on the cloth obtained. 
Therefore the paraffin-based sizing agent 
is gradually being replaced by a starch-
based sizing agent, which is mainly pro-
duced from renewable and eco-friend-
ly materials [8]. A starch-based sizing 
agent has advantages of good adhesion, 
low cost, environmental protection, low 
thermal decomposition temperature and 
easy removal. However, the aqueous sus-
pension of a pristine starch sizing agent 
is unstable and the film formed is usual-
ly brittle, which limits the direct use of 
pristine starch. Starch can be modified 
through physical, chemical and enzymat-
ic modification of hydroxyl [9, 10]. In 
the chemical modification of starch, en-
vironmental and safety problems caused 
by the introduction of chemical reagents 
and by-products are unavoidable. There-
fore the starch safety and environmental 
protection of the chemical modification 
method have been questioned. In recent 
years, more and more attention has been 
paid to non-chemical modification meth-
ods. The simple mixing of starch and pol-
ysaccharides and the dry-heat treatment 
of starch-polysaccharide complexes have 
been carried out in many fields, such as 
food, textile, military, medicine and envi-
ronmental protection [11, 12].

Chitosan is the only natural cationic pol-
ysaccharide in the world. It has the ad-
vantages of good sizing, adhesion and 
degradation properties [13]. Chitosan is 
used to prepare a cationic-modified corn 
starch sizing agent through simple phys-
ical modification in order to improve 

the performance of the starch film, and 
it will not pollute the environment [14, 
15]. Studies have proved that this meth-
od is simple and low cost, which can 
manufacture a sizing agent with good 
performance and consequently obtain 
well-sized textile yarns [16]. A cation-
ic-modified starch sizing agent is widely 
applied in many enterprises. Considering 
the anionic property of a glass surface, 
the cationic-modified corn starch sizing 
agent is expected to wet and lubricate 
glass fiber effectively according to the 
electrostatic adsorption and electronic 
theory of the bonding mechanism [17]. 
The present studies focus on the prepara-
tion process and reaction mechanism of 
a chitosan-modified starch sizing agent. 
The effect of chitosan content on the 
properties of the modified starch sizing 
agent, the starch film formed as well as 
on the sized glass fiber yarns has been 
studied [18, 19].

In the present work, the amylose content 
of starch was determined as it may influ-
ence the properties of the film formed. 
The molecular structure change in starch 
was determined by Fourier transform in-
frared spectroscopy (FT-IR). Viscosity, 
particle size, surface tension, contact an-
gle and zeta potential measurements were 
applied to investigate the wettability of the 
sizing agent. Solution stability, moisture 
absorption of the starch film, stiffness, the 
combustible-matter content and migration 
were used to show the properties of the 
modified sizing agent. Tensile strength 
was used to evidence an improvement in 
the modification of mechanical properties 
of the yarns. Furthermore the surface of 
glass fiber yarns and the distribution of 
elements in the starch films were obtained 
by SEM and EDS Mapping to show the 
improvement in starch-modification.

 Introduction
Glass fiber is an inorganic material with 
numerous excellent properties. In recent 
years, it has been applied in traditional 
industry and agriculture fields. Due to 
its high mechanical strength and good 
corrosion resistance performance, glass 
fiber is applied in both the form of textile 
products and as reinforcing material in 
composite materials [1, 2]. Furthermore 
sizing is a critical procedure for the pro-
duction of glass fiber. A sizing agent can 
provide temporary protection to warp 
yarns from abrasive and other stress gen-
erated on weaving machines, so as to re-
duce warp damage [3, 4], which bundles 
thousands of scattered glass fiber fila-
ments into yarn [5, 6].
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 Experimental
Materials
Corn starch with an apparent viscosity 
of 35 mPa·s was supplied by Xiadian 
Cornstarch Development Co, Ltd. (Xian, 
Shanxi Province, China). Chitosan, tech-
nical grade, with a deacetylation degree 
of 85%, was supplied by Golden-Shell 
Pharmaceutical Co, Ltd. (Taizhou, Zhe-
jiang Province, China). Analytical pure 
reagents including acetic acid, acetone, 
glycerol, etc. were supplied by Kelong 
Chemical Co., Ltd. (Chengdu, Sichuan 
Province, China). All the chemicals were 
used as received without further purifica-
tion.

Methods
Preparation of pristine glass fiber
To remove the sizing agent on the glass 
fiber and obtain pristine glass fiber for our 
experiments, EC9-34 glass fiber (68 tex), 
supplied by Sichuan Fiberglass Group 
Co., Ltd. (Sichuan, China), was placed 
in an airtight container with acetone for 
48 h. After cleaning up, the glass fiber 
was dried at 60 °C in a vacuum oven for 
24 h before further use. 

Preparation of chitosan-modified corn 
starch sizing agent
Corn starch (15 g) was mixed with 
300 mL of distilled water in a three-neck 
flask (500 ml) equipped with a condenser 
and mechanical stirrer. The mixture was 
placed in a water bath of 90 °C, and con-
tinuously stirred at a speed of 100 rpm 
for 1 h to obtain gelatinised starch. Chi-
tosan (2.5%, 5%, 7.5% and 10%, respec-
tively) was then dissolved in 100 ml ace-
tic acid solution (3 wt. %). Subsequently 
chitosan solution was added to the three-
neck flask. After 2 hours’ reaction, the 
suspension was cooled down to room 
temperature and the sizing agent was 
thus prepared.

Preparing of starch film
The chitosan-modified starch sizing 
agent (10 ml) was pasted on a teflon 
board and glass board, respectively, and 
then dried at 45 °C for 12 h. The film 
formed was preserved in a desiccator for 
further testing.

Sizing glass fiber with modified starch 
sizing agent
A setup simulating the industrial glass 
fiber drawing process was designed, as 
schematically illustrated in Figure 1. 
The linear velocity of the glass fiber yarn 
passing through the pool of sizing agent 

was controlled at 50 m·min-1. Then the 
sized yarn was dried at 50 °C for 48 h 
and finally preserved in a desiccator [20].

Characterisation
Determination of corn starch amylose 
content
In accordance with the standard ISO 
6647-1:2007 Rice–determination of am-
ylose content, the amylose content of 
the corn starch was determined. A series 
of standard starch solutions odf differ-
ent amylose content were prepared and 
their UV-absorbances determined. With 
the amylose content as abscissa and the 
absorbance as ordinate, respectively, 
a standard curve was drawn. The absorb-
ance of the testing sample was measured 
at 720 nm, with each measured thrice in 
parallel.

FTIR spectroscopy 
The starch films were analysed on 
a Nicolet 5700 FT-IR spectrophotome-
ter (Perkin-Elmer Co, USA). The spec-
tra were obtained in the range of 400-
40000 cm-1. 

Viscosity and particle size measurement
The apparent viscosity of the modified 
corn starch sizing agent was measured 
with a DV-||+Pro Rotational Viscome-
ter (Brookfield Co, USA). The particle 
size of the sizing agent was measured by 
a MS 2000 Laser Particle Size Analyzer 
(Malvern Co, UK). The data reported 
were the averages of three successful 
tests.

Surface tension and contact angle 
measurement
A K-100 Tensiometer (Kruss Co, Ger-
many) was used to measure the surface 

tension of the modified sizing agent. Ten 
milliliters of the solution was taken and 
the surface tension measured with the 
pendant drop method at 25 °C. The data 
reported were the averages of ten suc-
cessful tests. A DSA30 Contact Angle 
Test Instrument (Kruss Co, Germany) 
was used to measure the static contact an-
gle between the modified agent and glass 
board surface.

Zeta potential measurement
One milliliter of the modified corn starch 
sizing agent was dissolved in 200 ml of 
deionised water with ultrasonic oscilla-
tion for 1 hour. Subsequently the Zeta 
potential of the solution was tested with 
a Zeta-PALS.90 Plus Potential Analysis 
System (Brookharen Co, USA).

Solution stability measurement
The measurement of solution stability 
included sedimentation stability and ret-
rogradation stability measurements. For 
the sedimentation stability measurement, 
200 ml of the sample solution was placed 
in a beaker (500 ml) and kept in a water 
bath of 30 °C. After different hours (6 h, 
12 h, 24 h, 48 h) of placement, the volume 
percentage of the upper aqueous phase 
was recorded as an index to indicate the 
sedimentation stability of the solution. 
To determine the retrogradation stabili-
ty, the viscosities of the solution before 
and after 24 h of placement at 30 °C were 
measured and the ratio between the two 
viscosities calculated.

Moisture absorption of starch film 
Starch film preserved in relative humid-
ity of 60% for 10 days was weighed, 
recorded as m2. Then the film was dried 
at 105 °C for 3 h and the weight thereof 

Figure 1. Scheme of the setup for glass fiber sizing.
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recorded as m1. The moisture absorption 
(M %) of the starch film was determined 
as follows: 
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Scanning Electron Microscopy Analyses

The morphologies of the starch films and glass fiber yarns were observed with a 

TM-1000 SEM (S440, Leica Cambridge, UK). 

Energy Dispersive Spectrometer Mapping Analyses 

Energy dispersive spectrometer mapping (EDS Mapping) was measured on an 

Oxford IE450X-Max80 EDS (Zeiss Co, Germany). The distribution of elements in the 

starch films and the surface of glass fiber yarns were observed by EDS Mapping. 

Determination of Stiffness 

The sized glass fiber yarn was dried at 50 °C, and then it was cut into segments 

of 0.5 m from the top of the bobbin inwards. Stiffness measurement of the glass fiber 

was carried out with the ―nail test‖ method, as described by Feuillade, et al, but with a 

little revision . The nail was replaced with a stick (1 cm in diameter). The test fiber 

was put on the stick, and the resulting distance x (cm) between the two extremities of 

the fiber was measured. The stiffness of glass fiber preserved in different conditions 

was tested. 

Measurements of Starch Film  

Measurements of the starch films included the hardness test and adhesion test. 

The starch film hardness test was performed using a QHQ-A Pencil Scratch Test 

Instrument (Guangmei Co, China). In accordance with the standard ISO 15184:1998 

Paints and varnishes—Determination of film hardness by pencil test, pencils with 

various grades of hardness were moved over the film surface at an angle of 45° to the 

horizontal with a force of 7.5 ± 0.1 N. The pencils moved on the films were applied 

from the softest to the hardest  in sequence. The pencil hardness was defined by  

two grades of hardness where the softer one simply produced a writing trace while the 

harder one left a perceptible scratch on the film’s surface. The hardness of the starch 

film was defined by the latter’s pencil hardness. The lattice knife test method was 

used to evaluate the adhesion of modified corn starch to the glass board surface. The 

starch film’s adhesion was tested with a QFH Film Cross-cut Instrument (Kexing Co, 

Scanning electron microscopy analyses
The morphologies of the starch films 
and glass fiber yarns were observed with 
a TM-1000 SEM (S440, Leica Cam-
bridge, UK).

Energy dispersive spectrometer 
mapping analyses
Energy dispersive spectrometer mapping 
(EDS Mapping) was measured on an 
Oxford IE450X-Max80 EDS (Zeiss Co, 
Germany). The distribution of elements 
in the starch films and the surface of glass 
fiber yarns were observed by EDS Map-
ping.

Determination of stiffness
The sized glass fiber yarn was dried at 
50 °C, and then it was cut into segments 
of 0.5 m from the top of the bobbin in-
wards. Stiffness measurement of the 
glass fiber was carried out with the “nail 
test” method, as described by Feuillade, 
et al, but with a little revision. The nail 
was replaced with a stick (1 cm in di-
ameter). The test fiber was put on the 
stick, and the resulting distance x (cm) 
between the two extremities of the fiber 
was measured. The stiffness of glass fib-
er preserved in different conditions was 
tested.

Measurements of starch film 
Measurements of the starch films includ-
ed the hardness test and adhesion test. 
The starch film hardness test was per-

formed using a QHQ-A Pencil Scratch 
Test Instrument (Guangmei Co, China). 
In accordance with the standard ISO 
15184:1998 Paints and varnishes–De-
termination of film hardness by pencil 
test, pencils with various grades of hard-
ness were moved over the film surface 
at an angle of 45° to the horizontal with 
a force of 7.5 ± 0.1 N. The pencils moved 
on the films were applied from the soft-
est to the hardest in sequence. The pen-
cil hardness was defined by two grades 
of hardness where the softer one simply 
produced a writing trace while the hard-
er one left a perceptible scratch on the 
film’s surface. The hardness of the starch 
film was defined by the latter’s pencil 
hardness. The lattice knife test method 
was used to evaluate the adhesion of 
modified corn starch to the glass board 
surface. The starch film’s adhesion was 
tested with a QFH Film Cross-cut Instru-
ment (Kexing Co, China). A lattice knife 
was cut into the film surface at a speed 
of 50 mm·s-1. Then the film on the glass 
board was torn by 3 M tape. In accord-
ance with the standard ISO 2409:1992 
Paints and varnishes – Cross-cut test, the 
film’s adhesion grade was evaluated.

Tensile strength measurement
The tensile strength of glass fibers 
was measured on a H5KS Material 
Tester (Tinius-Olsen Co, USA) with 
500 mm yarns. Yarns sized with the chi-
tosan-modified corn starch sizing agent 
were dried at 100 °C for 24 h. Then in the 
measurement an initial chuck-distance of 
200 mm and drawing speed of 20 mm·s-1  
were adopted. For each sample, five 
measurements were made and the mean 
value calculated.

Measurements of the combustible-
matter content and migration of the 
sizing agent
The combustible-matter content of the 
glass fiber was determined in the fol-
lowing steps: A segment of glass fiber 
(100 m) was picked from the bobbin, 
and then dried in an oven at 105  °C for 
1 h to remove the moisture. Subsequent-
ly it was weighed, recorded as m1. After 
weighing, the fiber was heat-treated at 
630 °C in a furnace for 0.5 h. The weight 
of the heat-treated fiber was recorded as 
m2. Then the combustible-matter content 
(wt.%) was calculated as follows:
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The combustible-matter content of the outside yarn and inner yarn were recorded 

as wt.1 and wt.2 , respectively. The migration (M) of the sizing agent was determined 

as follows:
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All the tests were repeated at least three times. 

The combustible-matter content of the 
outside yarn and inner yarn were record-
ed as wt.1 and wt.2, respectively. The mi-
gration (M) of the sizing agent was deter-
mined as follows: 
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All the tests were repeated at least three times. All the tests were repeated at least three 
times.

 Results and discussion
Amylose content of corn starch 
The starch was a carbohydrate consisting 
of a large number of glucose units joined 
by glycosidic bonds. It consisted of two 
types of molecules: linear and helical 
amylose and branched amylopectin [21]. 
Considering that the amylose content of 
starch may influence the properties of 
the film formed, we firstly determined 
the amylose content of the raw starch ob-
tained. A standard curve of the amylose 

Figure 2. Standard curve of amylase content measurement. Figure 3. FTIR spectra of (a) pristine starch film, (b) pristine chitosan 
film, and (c) composite film.
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content was drawn, shown in Figure 2, 
and a curve fitting equation was obtained 
as a result: Y = 0.0088X + 0.11285. 
The amylose content of the raw starch 
could be calculated by bringing its ab-
sorbance (0.354) at 720 nm into the equa-
tion. The value obtained was 27.41%. 

Infrared spectrum analysis of starch 
films
FTIR spectra of corn starch, chitosan, 
and the modified starch film are shown 
in Figure 3. As illustrated in Figure 3, 
the characteristic absorption peaks of 
corn starch appeared at 3400, 2900, 1642 
and 1080 cm-1. Characteristic absorption 
peaks appearing at 3400, 2900, 1600, 
1420 and 1080 cm-1 were observed in the 
spectra of chitosan. Moreover the char-
acteristic stretching vibration peak of 
C-H and N-H at 3400 cm-1 became wid-
er. However, there was no new peak or 
characteristic peak in the spectrum of the 
modified starch comparing with the spec-
tra of the original materials. The condi-
tions above indicated that the procedure 
of chitosan-modified corn starch was 
probably physical blending [22]. Al-
though in starch and chitosan there was 
just physical blending, this does not af-
fect improvement in the properties of the 
glass fiber. 

Effect on the viscosity of the modified 
corn starch sizing agent
Viscosity was an important index of 
the sizing agent [23, 24]. Influenced by 
the bond mechanism, the high viscosity 
sizing agent made the glass fiber acquire 
a strong adsorption capacity. However, 
excessively high viscosity was unfa-

vorable during the drawing and weav-
ing processes [25, 26]. According to 
previous researches, we acknowledged 
that the optimum viscosity value of the 
starch sizing agent ranged from 30 to 
50 mPa·s. Figure 4 reveals the effect of 
the chitosan content on the viscosity of 
the modified corn starch sizing agent. 
The viscosity increased with the increas-
ing content of chitosan, which could re-
sult from the emerging of electrostatic 
repulsion among the charged macromol-
ecules, leading to molecular chainexten-
sion. Due to the free rotation of charged 
molecules, their effective dissolution in 
the solution increased. Thus in order to 
find the optimal viscosity, the optimum 
amount of chitosan content added was 
5%, and its corresponding viscosity was 
44.99 mPa·s.

Effect on the zeta potential of the 
modified corn starch sizing agent
Owing to the anionic property of the 
glass surface, the cationic-modified corn 
starch sizing agent is extensively applied 
in most enterprises to wet and lubricate 
glass fiber effectively according to elec-
trostatic adsorption and electronic theory 
of the bonding mechanism [27]. The ef-
fect of chitosan content on the zeta poten-
tial of the modified sizing agent is exhib-
ited in Figure 5, which reveals that chi-
tosan could greatly improve the cationic 
properties of the solution. As the only 
natural cationic polysaccharide, chitosan 
contains large amounts of –NH2. There-
fore in the process of reaction between 
chitosan and starch, –NH2 could easily 
protonate the form of –NH3

+. Through 
the change in conformation, the positive 
charge density of the chitosan surface 

increased, and finally the starch was 
modified through hydrogen bonds [28]. 
Thus the cationic starch sizing agent was 
prepared. When the content of chitosan 
was 5%, the zeta potential of the sizing 
agent could reach 4.5 mV, which was ob-
viously higher than that in pristine starch 
(2.0 mV). When the content of chitosan 
was over 5%, a plateau of zeta potential 
was observed, which could be attributed 
to the solubility limit of chitosan in water. 

Surface tension and contact angle 
measurement analyses
In the textile production process of glass 
fiber yarns, a sizing agent with low sur-
face tension can infiltrate and spread 
on a glass fibre surface effectively [29]. 
The effect of chitosan content on the sur-
face tension and the contact angle of the 
modified sizing agent is shown in Fig-
ures 6 and 7.

As illustrated in Figure 6, the surface 
tension of the modified starch sizing 
agent decreased to 50 mN·m-1 when the 
addition of chitosan increased to 0.6 g, 
which was far less than the pristine 
starch, with a value of 64.98 mN·m-1 

in contrast. It couldbe attributed to the 
following two reasons: the main chain 
of chitosan molecules was hydropho-
bic groups; however, –NH2 and –OH 
on the branched chain were hydrophilic 
groups. On the surface of the solution, 
hydrophilic groups entered into the wa-
ter, and at the same time, due to the up-
ward force, the hydrophobic groups rose 
to the surface of the water. Therefore the 
dense water molecules on the surface 
of the sizing agent were broken by the 

Figure 4. Effects of chitosan content on the viscosity of the sizing 
agent.

Figure 5. Effects of chitosan content on the zeta potential of the 
sizing agent.
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variation with the increasing of chitosan 
content. Furthermore the chitosan mol-
ecules combined with starch molecules 
effectively. 

Sedimentation stability and retrograda-
tion stability were quantified to indicate 
the stability of the solution. As illustrated 
in Table 1, the suspensions had excel-
lent sedimentation stability within 12 h. 
Slight stratification began to emerge 
when the sizing agents were placed over 
12 h. With an increase in the placing 
time, more serious stratification could be 
observed. The sedimentation stability of 
the chitosan modified starch sizing agent 
was better than that of the pristine starch 
sizing agent, which could result from the 
increasing of solution viscosity. Hence 
the intermolecular force increased, the 
capability of overcoming gravity en-
hanced, and the particles could be stably 
suspended in the solution. In addition, 
hydrogen bonds between molecules was 
another crucial factor, beneficial to mac-
romolecules in distributing in water uni-
formly. 

Moreover Table 1 shows that the retro-
gradation stability of the modified sizing 
agent decreased as the chitosan content 
increased, demonstrating that chitosan 
could improve the solution stability in 
the aspect of starch retrogradation. Im-
portantly the amylose molecule was of 
a straight chain structure while the am-
ylopectin molecular was of a dendritic 
structure, with retrogradation more likely 
to occur in amylose than in amylopectin. 
The chitosan-modified corn starch mole-
cule with a more complex dendritic struc-
ture resulted in hydrogen bonds between 
molecules [30]. In addition, the viscosity 
of the chitosan modified sizing agent in-
creased, meanwhile the frequency of mo-
lecular collision decreased, which could 
also explain why the retrogradation rate 
of the modified sizing agent decreased. 
To sum up, the chitosan-modified sizing 
agent had better solution stability than 
the pristine starch agent. 

Effect on the properties of starch film 
The prime function of starch film on the 
surface of glass fiber yarns was to ad-
here scattered fibers into a bundle, which 
could also protect the yarns from mechan-
ical abrasion exerted by machine parts 
and neighboring ends. In this section, 
the hardness, adhesive capacity to glass 
and moisture absorption of the modified 
starch films were evaluated [31].

Figure 7. Images of t contact angles between the sizing agent and glass surface: a) pristine 
starch, b) 2.5% chitosan, c) 5% chitosan, d) 7.5% chitosan, e) 10% chitosan.

a) 51.25° b) 43.33°

c) 37.14° d) 36.23°

e) 29.49°

Table 1. Particle size, solution stability and retrogradation stability of a series of sizing agents.

Chitosan content, 
wt. %

Particle size,
μm

Sedimentation stability, 
%

Retrogradation 
stability, %

6 h 12 h 24 h 48 h
0 35.725 0 0 5.83 12.77 4.67

2.5 39.503 0 0 4.14 10.00 2.42
5 41.154 0 0 2.97 8.35 2.23

7.5 42.285 0 0 1.86 7.42 2.19
10 43.177 0 0 0.88 5.55 2.05

Figure 6. Effects of 
chitosan content on 
the surface tension 
of the sizing agent.
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hydrophobic groups. These hydrophobic 
groups isolated and reduced the interac-
tion between water molecules, resulting 
in a decrease in surface tension.

As exhibited in Figure 7, the chi-
tosan-modified sizing agent could spread 
on the glass pane more effectively than 
the pristine starch agent. The contact 
angle was reduced from 51.25° of the 
pristine starch to 29.49° of the modified 
starch, which was consistent with the 

trend of the surface tension. Obviously 
the modified sizing agent had a better 
wettability to glass materials. 

Influences of chitosan content on 
particle size and solution stability
Table 1 reveals the effect of the chitosan 
content on the particle size and solution 
stability of the sizing agent. Obviously 
the average particle size of the modified 
starch solution increased significantly in 
contrast with pristine starch, having no 
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As shown in Table 2, the hardness and 
adhesive capacity to glass of the starch 
film could be enhanced despite the mois-
ture resistance decreasing with the addi-
tion of chitosan, demonstrating that the 
chitosan could make up for some of the 
pitfalls of starch film effectively. 

The hardness of chitosan-modified corn 
starch film was better than for the pris-
tine corn starch film. What should be 
emphasized is that chitosan molecules 
could fill the gap between pristine starch 
macromolecules because of the emerging 
of hydrogen bonds between chitosan and 
starch molecules in the process of film 
forming, which made the modified film 
more compact. Thus the hardness of the 
modified film became better.

 Furthermore the variation trend of film 
adhesion was similar to film hardness. 
The cationic-chitosan-modified starch 
contained numerous –NH2 and –OH 
groups. Its adhesion ability to a glass 
board surface was much better than for 
pristine corn starch film, which could be 
attributed to the interaction mechanism 
of electrostatic adherence and the bond-
ing effect [32].

Moisture absorption results of the starch 
films are exhibited in Table 2, which re-
vealed that the moisture absorption of the 
chitosan modified corn starch film was 
higher than that of the pristine corn starch 
film. Although the modified film was 
more compact, considerable hydrophilic 
groups in its structure could be the reason 
for a poorer moisture resistance [33].

Film photograph
Figure 8 demonstrates digital images 
of the films formed by pristine starch 
and modified starch on glass. Cracks 
and holes were clearly observed in the 
film of pristine starch film. Contrary to 
the phenomenon that the film formed 
by the modified starch was smooth and 
dense, the pristine starch film had a poor 
adhesion ability with respect to glass. 
The modified starch had much better ad-
hesion ability to glass.

SEM and EDS mapping analyses 
of starch films and fibers
SEM images of the films are shown in 
Figure 9. In the film formed by pristine 
starch (Figure 9a), some scattered pores 
were observed, which could be attrib-
uted to the molecule entanglement and 
reunion during water evaporation [34]. 
In contrast, a more compact and dense 

Table 2. Hardness, adhesion and adsorption rate of a series of membranes.

Chitosan content, wt. % Hardness Adhesion Moisture absorption, %
0 1H 2 44.35

2.5 3H 1 58.35
5 4H 0 66.34

7.5 4H 0 79.60
10 4H 0 85.88

Figure 8. Photographs of pristine starch film a) and chitosan modified starch film b).

a) b)

a) b)

c)

Figure 9. SEM images of films and the elemental distribution of N on the film surface: 
a) film formed by pristine starch, b) film formed by chitosan modified starch, c) the elemental 
distribution of N on the film surface.

film could be obtained when chitosan 
was added (Figure 9b). Figure 9c re-
veals that the distribution of the nitrogen 
element in the starch film was uniform. 
Due to the fact that starch itself does not 
contain a nitrogen element, these nitro-
gens must come from chitosan. The re-
sult demonstrated a good compatibility 
between starch and chitosan. 

Figure 10 exhibits SEM images of glass 
fiber yarns. As shown in Figure 10.a, 
glass fibers without sizing were messy 
and had numerous breakages. Fig-
ures 10.b and 10.c present SEM images 
of yarns sized by the pristine corn starch 
sizing agent and modified sizing agent, 
respectively. The pristine corn starch siz-
ing agent spread on the modified film sur-
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face unevenly, which had relatively poor 
adhesion to glass fiber. In contrast, the 
modified sizing agent had better adhesion 
and bundling properties (Figure 10.c). 
Figure 10 shows the distribution of sil-
icon (d), carbon (e) and nitrogen (f) el-
ements on the glass fiber yarn surface, 
which suggested that the chitosan-modi-
fied corn starch sizing agent could spread 
on the glass fiber yarn surface uniformly.

Effect on the combustible-matter 
content of glass fiber yarns
Figure 11 reveals the effects of the chi-
tosan content on the combustible-mat-
ter content of glass fiber yarns, which 
indicates the content of the sizing agent 
over glass fiber yarns [35]. The combus-
tible-matter content increased with an 
increase in the chitosan content, which 
could result in a combining effect for vis-
cosity and the zeta potential. Affected by 
the bonding mechanism, the viscosity of 
the modified sizing agent increased, and 
the modified sizing agent could adhere 
to the surface of the yarns more easily. 
Furthermore the glass surface was anion-
ic. According to electrostatic adsorption 
and electronic theory, the cationic-modi-
fied sizing agent could attach to the glass 
fiber more effectively [36]. As shown in 
Figure 11, the combustible-matter con-
tent was higher in the outside yarn on the 
bobbin than that of the inner one, which 
could be attributed to the migration of 
the sizing agent with water evaporation 
during the drying process. Moreover the 
migration was relieved with the increas-
ing of chitosan.

Effect on the properties of glass  
fiber yarns
The effects of chitosan content on the 
migration of the sizing agent, tensile 
strength and stiffness of glass fiber yarns 
are displayed in Table 3. The migration 
of the sizing agent was another signifi-
cant index to evaluate the performance 
of the sizing agent [37]. In the process of 
yarn traction, the sizing agent migrated 
towards the exterior of the roller as a re-
sult of the centripetal force [38, 39]. In 
addition, the organic particles in the siz-
ing agent migrated outward as the water 
evaporated in the yarns during the dry-
ing process, which led to the fact that the 
outside yarn on the bobbin usually had 
a higher combustible-matter content than 
the inner one. As presented in Table 3, 
the migration performance of yarns sized 
with a modified sizing agent was better 
than for those sized with a pristine starch 

Figure 11. Effects 
of chitosan content 
on the combustible-
matter content of 
glass fiber yarns.
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Table 3. Migration, stiffness and tensile strength of a series of glass fibers.

 Chitosan content, wt. % Migration Stiffness, cm Tenacity, N/tex
0 3.01 3.25 0.28

2.5 1.72 4.46 0.38
5 1.42 4.96 0.43

7.5 1.35 5.03 0.44
10 1.25 5.17 0.45

pristine glass fibers – 2.80 0.21
paraffin glass fibers – 5.11 0.42

Figure 10. SEM images of fibers and the elemental distribution on the fiber surface:  
a) pristine glass fibers, b) glass fibers sized by the pristine corn starch sizing agent, c) glass 
fibers sized by the modified sizing agent, d) the elemental distribution of Si, e) the elemental 
distribution of C, f) the elemental distribution of N.

a) b)

c) d)

e) f)
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sizing agent, which was due to an in-
crease in the bonding force between the 
cationic starch and glass fibers surface. 
As a result, in the course of infiltration 
and drying, the chitosan-modified sizing 
agent could not migrate easily. 

The results above revealed the fact that 
the modified sizing agent with 5% chi-
tosan content could not only obtain stable 
viscosity and a strong adhesion property 
with respect to glass fibers, but it also 
forms a tough and abrasion-resistant film 
to protect the yarns. Further addition of 
chitosan did not have a significant effect 
on improving the performance. More-
over the mechanical properties of the 
yarns were consistent with the previous 
prediction. As illustrated in Table 3, the 
tensile strength and stiffness of the yarns 
sized with the modified sizing agent were 
higher than those sized with the pristine 
starch sizing agent. When the content 
of chitosan was 0.6 g, the yarn’s tensile 
strength was 0.43 N·tex-1 and the stiff-
ness 4.96 cm. These mechanical prop-
erties were superior to those of paraffin 
glass fiber yarns [40]. The observation 
suggested that the combination of cati-
onic starch and glass fibers was tighter, 
and that modified starch molecules were 
bonded to the glass fiber surface more 
firmly. However, the mechanical perfor-
mance did not change significantly when 
more than 5% of chitosan was added.

 Conclusions
Comparing the performance of na-
tive-starch sized and chitosan-modi-
fied-starch sized yarns, the modification 
of starch with chitosan was an effective 
method to improve the properties of the 
starch-based sizing agent. When 5% 
of chitosan was added, the overall per-
formance of the modified sizing agent 
was optimal. Chitosan could reduce the 
surface tension and increase the Zeta 
potential of the starch. The modified siz-
ing agent could splice and spread on the 
surface of glass fiber effectively. In ad-
dition, the solution stability of the modi-
fied sizing agent was optimised. The film 
formed by the modified starch was dens-
er than that of the pristine starch film, 
which could protect the glass fiber yarns 
from mechanical abrasion exerted by ma-
chine parts and neighboring ends more 
effectively. The modification increased 
the adhesion of starch to glass fiber and 
enhanced the mechanical properties of 
the yarns. The tensile strength reached 

0.43 N·tex-1 and the stiffness 4.96 cm, 
which were superior to those of paraf-
fin-sized yarns.
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