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Abstract 
 

Chitosan (CS) has been studied worldwide, including its recent applications in membrane science. Despite its advantages, 
drawbacks such as weak mechanical property and low solubility hampered its wide range of applications. Herein, CS films 
with various deactivation degree (DD) and CS/poly(ethylene oxide) (PEO) blend film (PEO with different molecular weights) 
are prepared, and vapor-crosslink technique is applied to crosslink various CS based membranes using glutaraldehyde. With 
the introduction of PEO into CS, the blend membrane surface is transformed from a dense structure to a porous structure. 
The formation of networks in cross-linked CS/PEO membranes by glutaraldehyde decreased the pore size as well as the 
thermal stability of cross-linked CS/PEO. Besides, a gradual increase in the tensile strength with the increasing cross-linking 
time is observed initially. Our work exhibits the great potential of CS-based membrane modified by PEO and glutaraldehyde. 
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1. Introduction 

Chitosan [CS, (1-4)-2-amino-2-deoxy-D-glucon] is a natural 

polyaminosaccharide obtained from chitin and consists of 

glucosamine and N-acetylglucosamine units. Its low cost, non-

toxicity, degradability, and biocompatibility have qualified its 

potential in medicine, food and biology researches.[1-4] Neat CS 

products with some shortcomings, viz. only soluble in acid 

environment and weak mechanical property are seriously 

limited in various applications.  

Researchers have devoted to the modification of CS to 

extend its application scopes. For example, the solubility of 

CS in water has received massive interest to improve the 

processing properties.[5-8] Generally, the amino and hydroxyl 

groups in CS are utilized for modification with physical or 

chemical methods. By blending with 3-amino siloxane 

oligomer,[9] polylactide,[10] polyethylene glycol (PEG),[11] or 

albumin,[12] enhanced physicochemical properties of CS have 

been achieved. For example, Kolhe et al.[11] blended and 

copolymerized PEG with CS to improve the ductility of CS 

films. An improvement in ductility was obtained for all 

compositions of the blend as manifested by a decrease in 

modulus and an increase in strain at break. More chemical 

modification techniques[13-24] have achieved fairly good results. 

Besides, the preparation of chitosan nano-composites[25-28] with 

various nanomaterials is a new way that attracts increasing 

interests.  

Poly(ethylene oxide) (PEO) is a water-soluble polymer and 

exhibits many useful properties, such as low toxicity, 

hydrophilicity, high viscosity, ability to form hydrogen bonds, 

and biocompatibility with other bioactive substance and 

immunogenicity. Besides, it is available at different molecular 

weights. A combination of these two polymers may have 

beneficial effects on the biological characteristics of the 

resulting membrane when considering the useful biological 

activities of CS and PEO.[29] In this study, CS films are 

modified by blending with PEO, and then glutaraldehyde is 

utilized to carry out the cross-linking reaction. This work 

mainly studies the preparation process of CS functional film, 

the modification methods of CS functional film, and explores 

the effect of both degree of deacetylation (DD) and cross-

linking time. Expectedly, through this work, the optimized 

preparation system and conditions of the CS functional 

membrane are determined, and the physical structure and 

chemical properties of the membrane material are improved. 

Fourier Transform infrared (FTIR) measurements, atomic 

force microscope (AFM), differential scanning calorimetry 

(DSC), and thermogravimetric analysis (TGA), etc. are 

performed to characterize the alterations of CS properties and 

analyze the micro-mechanism of such influences. We 
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expected some insights into the development of CS films with 

better structures and extensive applications of CS based 

membranes. 

 

2.Experimental 

2.1 Materials 

CS with different DD (86.11%, and 93.48%) was supplied 

by Jinke Biological Ltd (Zhejiang, China). Polyethylene oxide 

(PEO) with various average molecular weights (i.e., 400, 

2000+10%, 20000+10%) was purchased from Yili Chemicals 

Ltd. Glutaraldehyde was obtained from Boli Chemical Ltd 

(Tianjin, China). All other common reagents were supplied by 

local companies. All the reagents were used as received. 

2.2 Determination of chitosan’s solvable property 

CS films used in this study were prepared using the solvent 

casting method. In order to find the suitable concentration for 

the fabrication of CS films, CS (with DD of 86.11%, and 

93.48%) and acetic acid (2 wt%) were used to prepare CS 

solution of various concentrations: 0.5%, 1%, 2%, 5% and 

10%. Based on the primary experimental exploration, we 

found the following facts.  

(1) CS with a higher DD exhibited a better solvable 

property in an acid solvent, but the improvement in degree was 

not so significant. 

(2) The viscosity of CS solution increased with increasing 

the concentration. Thus, the CS solutions with concentrations 

of 5% and 10% resulted in bad fluidity, while the ones of 0.5%, 

1% and 2% could flow pretty well. 

(3) The stirring procedure led to the appearance of air 

bubbles, and it became more obvious when increasing the CS 

concentrations. So, efforts should be made to diminish them in 

case they influenced the property of films. 

Concerning all the above factors, 0.5% CS solution 

dissolved by 1% acetic acid was utilized in this study. 

2.3 Preparation of CS film and CS/PEO film 

CS (0.33 g) was dissolved in 63 mL of 1 wt% acetic acid 

solution. The CS solution was stirred overnight at room 

temperature. After filtration, the PEO solution (0.11 g PEO 

was dissolved in 2 mL distilled water) was added into the 

aforementioned CS system. This solution was then stirred 

overnight at room temperature. This mixture was sonicated for 

30 min using an ultrasonic generator (Model KQ-100DB) and 

stood overnight for de-gassing. Finally, the CS/PEO blending 

film was obtained via solution casting and dried under vacuum 

at 20 °C overnight. 

Preparation of blank CS film had a similar process without 

adding PEO. Any further tests were carried out after the 

physically absorbed solvent-HAc was removed. 

2.4 Preparation of crosslinked CS/PEO film 

First, the CS/PEO films were fixed onto a holder, which 

was then put into a beaker. Second, a certain amount of 

glutaraldehyde was added into the beaker so that the CS/PEO 

films could reach above the liquid level. Third, aluminum foil 

was utilized to cover the beaker. Finally, the beaker was 

transferred to a water bath maintained at 25 °C, fumigating 

CS/PEO films with glutaraldehyde vapor for 0.5, 1, 1.5 and 2 

h, respectively. 

We found that as the cross-linking reaction went on, the 

transparent CS/PEO films gradually changed into pale yellow, 

then to deep yellow. Meanwhile, the films became stiff and 

harder. 

2.5 Characterization 

The infrared spectrum of PEO solids was measured by the 

potassium bromide tablet method of Nicolet-Nexus 670 

Fourier Transform Infrared spectrometer, and the infrared 

spectrum of various films was measured by total reflection 

method. The measurement range was 400-4000c m-1; the 

number of scans was 32; the resolution was 4 cm-1. Thermal 

properties were tested with a NETZSCH STA449C at a 

heating rate of 10 °C/min under nitrogen atmosphere. The 

surface morphology of films was obtained with an atomic 

force microscope from Russia at room temperature.  

2.6 Membrane Performance 

Tensile property tests were conducted with a WD-1 

universal testing machine (Changchun Second Material 

Testing Machine Factory, China) at an elongation rate of 20 

mm/min. The tensile strength of films was calculated by 

Equation (1): 

        δ= 𝐹 𝐷 × 𝑆⁄                                        (1) 

where δ is the tensile strength of film (MPa); F is the force 

when broken (N); D is the thickness of the film (µm) and S is 

the width of films (mm).  

Water absorbing examination was carried out as follows. 

At first, CS film samples were dried under vacuum at 20 °C 

for 24 h, and the mass as the original mass (Ws) was noted 

down. Then the remaining HAc with NaOH diluted solution 

was removed. The samples were immersed into distilled water 

for 48 h to achieve swelling equilibrium, and the mass now as 

the final mass (Wd) was noted down. The relative water intake 

capacity (H) was calculated by Equation (2): 

H=(𝑊𝑠 −𝑊𝑑) 𝑊𝑠 × 100%⁄                           (2) 

The cross-linking density (  ) of neat CS film was shown 

as Equation (3): 

      = 1 𝑀𝑐⁄                                      (3) 

where Mc is the average molecular weight between the 

neighboring cross-linking points. It was carried out by 

dilatometer method and calculated by the Flory-Rehner 

Equation as shown by Equation (4):[30] 

−[ln(1 − 𝑢𝑟) + 𝜒 × 𝑢𝑟
2] = 𝜌𝑉0𝑀𝑐

−1𝑢𝑟
1
3⁄  

            

 (4) 

where   is the interacting constant between CS and H2O,   

is the density of CS, Vm is the molar volume of H2O, and ur 

stands for the volume fraction of the expended CS. ur is 

calculated by Equation (5): 

𝜇𝑟 = (𝑊𝑑 × 1.003) [𝑊𝑑 × 1.003] + (𝑊𝑠 −𝑊𝑑) × 1.25⁄  (5) 
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3. Results and Discussion 

3.1 Possible underlying mechanism during the cross-

linking process  

The cross-linking mechanism between CS and glutaraldehyde 

can be interpreted that the amino groups in CS react with one 

or two glutaraldehyde’s terminal aldehyde groups (Fig. 1), the 

interconnected network structure is formed inside CS, 

significantly affecting its physicochemical properties. 

 
 

Fig.1 Possible cross-linking mechanism of CS and 

glutaraldehyde. 

 

3.2 Surface chemistry characterization of membranes 

 
Fig. 2 FTIR spectra of (a) PEO2000, (b) CS (with DD of 86.11%), 

(c) CS/PEO film. 

To characterize the chemical structures of pure CS film and 

CS/PEO blend films, the FTIR spectra of PEO (PEO2000), CS 

(with DD of 86.11%), and CS/PEO film are obtained and 

depicted in Fig. 2. According to Fig. 2, the spectrum of 

CS/PEO film, without the appearance of new peaks and 

disappearance of original peaks, was just a physical 

superposition of PEO and CS spectrum, indicating that the 

blend of PEO and CS is only a physical process, and no 

chemical reaction is involved. Besides, CS has similar 

chemical and spatial structures to PEO (CS has plenty of 

lateral hydroxyl and C=O in 3 and 6-carbon, while PEO has a 

a few of C-O groups and terminal hydroxyl groups), so the 

strong interaction of PEO and CS should be attributed to the 

intermolecular hydrogen bonding. The typical absorption 

peaks of CS are observed at 1633.4 cm-1 (C=O groups), 1537.0 

cm-1 (N-H groups), 1378.9 cm-1 (deformation vibration peak 

of CH3 groups), 1344.2 cm-1and 2883.1 cm-1 (bending and 

stretching vibration of C-N, respectively) in the pristine CS 

spectra. For the spectra of CS/PEO films, the peaks of C=O 

and N-H moved to high wavenumbers of 1637.3 and 1552.4 

cm-1, respectively, as well as shifts of the stretching vibration 

peaks of N-H and O-H (moved to 3280.4 cm-1 from 3255.3 

cm-1 and become stronger). This illustrates the enhancement 

of hydrogen bonding.[31] The analysis reveals that the strong 

interaction does exist between PEO and CS molecular in the 

composite and good compatibility has been achieved.  

 

 
Fig. 3 FTIR spectra of (a) CS/PEO subtracting CS, and (b) PEO. 

 

 
Fig. 4 FTIR spectra of the crosslinked CS/PEO 2000 film by 

86.11% DD after different reaction times. 

To obtain a further investigation of the interaction between 

CS and PEO, the subtractive spectrum and the corresponding 

results are shown in Fig. 3 and Table 1, respectively. 

Compared to blank PEO spectra, no obvious changes were 
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found in the PEO subtractive spectra, demonstrating no 

involved chemical reaction. The decrease of O-H and C-O 

peak wavenumber is shown in Table. 1 (move to low wave 

number by 150.5 cm-1and 5.8 cm-1, respectively) should also 

be attributed to the intermolecular hydrogen bonding between 

CS and PEO.  

Table 1. The decrease of peak value of O-H and C-O bond.  

 

Sample 

O-H bond C-O bond 

Δ (cm-1) △δ (cm-1) Δ (cm-1) △δ (cm-1) 

PEO 3415.4 

-150.5 

1149.4 

-5.8 CS/PEO 

subtract CS 
3264.9 1143.6 

The spectra of cross-linked CS/PEO film (the DD of CS is 

86.11%, and PEO2000) are tested and displayed in Fig. 4. 

There is no change in curve shape after cross-linking, except 

the N-H vibration peak (at 1548.6 cm-1 before cross-linking) 

which is increased by about 4 cm-1 and becomes greatly 

weaker at the same time. Meanwhile, the N-H vibration peak 

gets weaker as the cross-linking time increases. This can be 

explained by the decrease of amino numbers in CS after cross-

linking, which results from the chemical reactions between 

amino and glutaraldehyde. Besides, the N-H and O-H 

stretching vibration peak (at 3280.4 cm-1 before cross-linking) 

show similar changes to N-H at 1548.6 cm-1for the same 

reason. 

To qualify the analysis of the aforementioned cross-linking 

situation of CS/PEO film above. PEO20000 and CS with DD 

of 93.48% are applied to prepare cross-linked CS/PEO films, 

and FTIR tests are performed (Fig. 5 and Fig. 6). The same 

changes are achieved. 

 
Fig. 5 FTIR spectra of the crosslinked CS/PEO 20000 film by 

86.11% DD after different cross-linking time. 

 
Fig. 6 FTIR spectra of the crosslinked CS/PEO 20000 film by 

93.48% DD after different cross-linking time. 

 

3.3 Thermal stability 

Fig. 7 shows the differential scanning calorimetric curves of 

CS/PEO film and crosslinked CS/PEO films (the DD of CS is 

93.48%, and PEO2000). For CS/PEO film, the peaks appear 

at 54.8 oC (melting endothermic peak), 99.8 oC (evaporation 

endothermic peak), 310.0 oC (decomposition exothermic peak) 

and 412 oC (decomposition exothermic peak of PEO). For the 

crosslinked CS/PEO film, it is different. First, the temperature 

of the H2O evaporation peak is decreased to 81.2 oC. The 

reason may be the consumption of amino groups during the 

cross-linking which destroyed the intermolecular hydrogen 

bonding between CS and H2O molecules, thus the interaction 

was weakened, and H2O molecules could get out of the 

CS/PEO blend system more easily. Another explanation is that 

the network structure in the crosslinked film facilitates the 

H2O evaporation. Second, the melting peak of PEO 

disappeared, while the decomposition peak at 417.0 oC 

remained. Maybe the latter peak had coincided with the 

evaporation peak of H2O. Third, the decomposition 

exothermic peak of CS is decreased to 307.0 oC, indicating the 

decrease of the thermal stability, which is consistent with the 

results of Gliko-Kabir, Penhasi and Rubinstein.[32] They found 

that the thermal stability of crosslinked GG depended on the 

amount of GA used. Excess amount of the crosslinker GA will 

reduce the stability of crosslinked GG. In our study, this could 

be explained by a larger molecular structure formed inside the 

CS system after cross-linking. This new structure influenced 

the original hydrogen bonding, further partly broke the 

regularity of the system, and led to the decline of thermal 

stability. 
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Fig. 7 Thermal property of different samples. (1) DSC curves of 

CS/PEO film and crosslinked CS/PEO film, (a-b) the DD of CS 

is 93.48%, and PEO2000, (c-d) the DD of CSis86.11%, and 

PEO2000. (2)-(3) TGA and DTG curves of CS/PEO and CS/PEO 

film and crosslinked CS/PEO film (the DD of CS is 93.48%, and 

PEO2000) 

 

 

3.4 Surface morphology of films 

To learn more about the influence of cross-linking on the 

thermal property of CS/PEO film, 0.5h and 1.5h crosslinked 

films (CS with DD of 86.11%, and PEO2000) are prepared and 

tested with DSC (Fig. 7). The two curves exhibit a PEO 

melting peak at 52.9 oC in common. However, for the 

evaporation peak of H2O, 1.5h crosslinked film has a higher 

temperature than that of 0.5h crosslinked film (7.3 oC higher). 

This unusual phenomenon could be contributed to fewer H2O 

molecules remaining in the film. Generally, H2O molecules 

could form hydrogen bonding with two groups in CS, i.e.., 

amino and hydroxyl groups, while the latter one has a stronger 

interaction with H2O.[33] It is reported that when the number of 

H2O molecules decreases in the sample, the hydrogen bonding 

is mainly found between amino groups and H2O. However, the 

number of amino groups decreased after cross-linking, and 

H2O then turned to form hydrogen bonding with hydroxyl 

groups. Thus, the stronger interaction makes H2O harder to 

escape from the system. Another difference between the two 

is that for CS decomposition exothermic peak, the temperature 

of 1.5 h crosslinked film is lower than that of 0.5 h crosslinked 

film, which is consistent with Fig. 7. TGA and DTG curves of 

CS/PEO film and 1.5h crosslinked CS/PEO film are also 

shown in Fig. 7. It could easily be drawn that after cross-

linking modification, the evaporation peak of H2O (at 117.3 
oC) moved to a lower temperature zone (at 93.1 oC), and so 

was the decomposition exothermic peak of CS (decreases 

from 282.3 to 269.1 oC). These phenomena, together with the 

earlier DSC analysis in this study, proved the decrease of the 

thermal property of the blend film after cross-linking 

modification. 

The surface morphologies of films are examined, and the 

results are listed in Fig. 8. A relatively even surface 

morphology is observed from neat CS film. But as PEO is 

introduced, an irregular pore structure is evolved and even 

maintained after the cross-linking modification, while the size 

of the pore structure becomes smaller. It is known that CS is a 

typical rigid molecule, and acicular crystallization can be 

formed under the effect of proper solvent. With the addition of 

PEO, which is not perfectly compatible with CS, the pore 

structure is then formed when the PEO and CS phases 

migrated as the solvent evaporates. As glutaraldehyde is 

applied to achieve the cross-linking modification, the network 

structure arises as a result. This is the reason for the decreased 

pore size 

 

 

 

 

 

.
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(a)                                            (b)                                             (c) 
Fig. 8 AFM images of (a) CS membrane, (b) CS/PEO2000 membrane, (c) 1.5 h crosslinked CS/PEO2000 membrane. The DD 

of all CS is 86.11%, the unit for x and y axis is nm. 

 
Fig. 9 AFM images of (a) 86.11%CS, (b) CS/PEO2000 membrane, (c) 1.5 h crosslinked CS/PEO2000 membrane after 

immersing in distilled water. The DD of all CS is 86.11%, the unit for x and y axis is nm. 

(a)

RMS=56.3 nm RMS=40.0 nmRMS=37.0 nm

(b) (c)

RMS=31.0 nm RMS=35.0 nm RMS=36.3 nm 
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AFM is carried out by immersing the films in distilled 

water (Fig. 9). The sample must be processed by 0.5 mL NaCl 

solution for 15 min to remove the remaining HAc solvent. 

According to the reports,[34] a balance between PEO and H2O 

could be obtained after 2-min immersion, so we considered 

that PEO was completely removed after immersion. After 

immersion, the pores of CS/PEO film become much larger, 

resulting from the loss of PEO. While the surface structure of 

the crosslinked film just changed a little. Less PEO was lost 

because of the network structure, illustrating that the 

crosslinked film possesses a better ability to sustain its original 

surface structure when immersed in distilled water. 

3.5 Tensile strength of films 

Table 2. Tensile strength of different samples. 

Sample Tensile strength (MPa) 

CS/PEO2000 37.59 

0.5h crosslinked CS/PEO2000 38.02 

1h crosslinked CS/PEO2000 38.68 

1.5h crosslinkedCS/PEO2000 36.97 

CS/PEO400 33.55 

1.5h crosslinked CS/PEO400 34.04 

 

The tensile strength data are shown in Table. 2 with the 

relative schematic diagram (Fig. S1). Prolonging the cross-

linking time within a certain scope could achieve a better 

accomplished cross-linking reaction and higher cross-linking 

degree, which is quite crucial to the resulting properties of CS 

films. As shown in Table. 2, the tensile strength increases as 

the cross-linking degree increases. However, if the cross-

linking reaction is proceeded further, the tensile strength 

decreases. When the cross-linking time is shorter, the 

crystallinity of the material increases, thus the tensile strength 

increases. However, the material is damaged to a certain extent 

and the tensile strength decreases as further increasing the 

cross-linking time. Besides, as seen in Table. 2 and Fig. S2, 

the tensile strength of the CS/PEO2000 film is generally larger 

than that of CS/PEO400. This may be because when the 

molecular weight of PEO is larger, there are more cross-

linking points between macromolecules, resulting in an 

enhanced tensile strength. 

3.6 Water-absorbing property of films 

The influence of modification on the water-absorbing property 

is studied (Table 3). As the cross-linking time increases, the 

cross-linking degree is improved, while the water-absorbing 

amount gets decreased. This could easily be explained by the 

network structure formed after cross-linking. This structure 

reduces the tension of the system, impeding H2O molecules 

from penetration. 

 

 

 

 

Table 3. Water absorption of CS / PEO2000 (DD = 86.11%) samples at different cross-linking time. 

 

 

 

 

 

 

 

4. Conclusion 

PEO and glutaraldehyde were applied to modify CS films, and 

the properties of resultant films were examined. Benign 

physical blending was realized between CS and PEO through 

the intermolecular hydrogen bonding. The amino moieties of 

CS could crosslink with glutaraldehyde when CS/PEO film 

was processed with glutaraldehyde evaporation. AFM 

microphotographs demonstrated that the introduction of PEO 

had generated irregular pore structures, while the network 

structure took place after cross-linking modification and the 

pores became smaller. Tensile strength could be improved by 

cross-linking within a certain reaction time. Lastly, cross-

linking modification led to a slight decrease in both water-

absorbing amount and thermal stability. 
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