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Abstract. A facile, one-pot, and solvent-free synthesis is demonstrated to obtain a thermally stable 

chitosan biopolymer. In this work, a bifunctional isocyanate molecule is reacted with chitosan to form 

urea and urethane bonds between chitosan chains. Subsequently, the designed chemistry facilitated the 

formation of carbodiimide bonds between chitosan chains via dehydration of the urea bond.  

The modified chitosan is superior in thermal properties with T10%> 400°C and char yield of 65%.  

The modified chitosan can be used as a thermally stable bio-filler. This synthetic methodology is a facile 

route to achieve improved thermal stability in biopolymers. 
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Introduction 

Improving the thermal stability of 

biopolymers is one of the emerging areas as it can 

extend the application of renewable polymers into 

several key technological areas, such as aerospace 

and military. Chitosan is a well-known 

biopolymer, extensively used in the biomedical 

field for tissue engineering, drug delivery, and for 

many applications [1-4]. Because of the poor 

thermal stability, chitosan is rarely explored for 

thermal applications. Generally, chitosan 

molecules start to degrade between 200-220°C 

(main chain), and the moisture absorption is high 

due to the presence of polar amino and hydroxyl 

groups [5-7]. Two popular approaches employed 

for enhancing the thermal properties of chitosan 

are i) chemical modification by utilizing amino and 

hydroxyl groups of chitosan and ii) addition of 

inorganic fillers into chitosan. 

Previously, lactic or glycolic acid chains 

were covalently bonded to chitosan and was found 

that thermal stability was not improved [8].  

A modification of chitosan with Schiff's base 

structure did not yield significant improvements in 

thermal stability [9]. Modification of chitosan with 

benzophenone reduced its thermal performance 

compared to that of chitosan alone [10].  

However, aldehyde-modified chitosan improved 

the char yield when incorporated into the 

thermoplastic polyurethane matrix [11]. An 

alternative technique is to add inorganic fillers to 

enhance the thermal properties of chitosan. There 

were attempts to increase both thermal and 

biological properties with inorganic nanoparticles. 

To improve the thermal stability, chitosan silica 

hybrids were studied [12]. The sol-gel route 

improved the stability beyond 250°C. In this 

method, the maximum char yield observed was 

47%. In another study, ZnO nanoparticles were 

introduced into chitosan but failed to reach the 

degradation temperature >250°C [13]. However, 

on attaching carbon nanotubes to chitosan,  

the T10 % achieved was between 350-375°C [14]. 

Organosilica-chitosan cross-linked nanospheres 

also could not show a significant change in thermal 

stability [15]. Low thermal properties have been 

observed for graphene and montmorillonite  

clay-modified chitosan [16,17]. When MgO 

nanoparticles were added, an increase of 27-37% 

in thermal stability was achieved [18]. The CaCO3 

particles were also used to prepare chitosan 

nanocomposites but resulted in moderate 

improvement [19]. 

Chitosan-aromatic aldehyde Schiff base 

derived by the condensation reaction of chitosan 

indicated different thermal stability than pristine 

polymer [20]. Investigation on the thermal stability 

of antioxidant films based on chitosan (CH) and 

Maillard reaction products (MRPs) derived from 

cod skin collagen peptides pointed out that 

incorporation of MRPs (0–10%) had little effect on 

the thermal stability of chitosan films [21]. Another 

study was carried out to investigate the change in 

thermal behavior of chitosan films after the 

addition of sorbitol content in different proportions 

and found that the decomposition temperature of 
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chitosan was nearly invariable with the change of 

the content of sorbitol (thermal stability of chitosan 

films was not reduced, either) [22]. The 

reinforcement of chitosan-cellulose nano whiskers 

composites film with multiwall carbon  

nanotubes (MWCNTs) experienced a significant 

improvement in mechanical properties and also 

increased the thermal stability by delaying the 

degradation of CS/CNWs [23]. It has been proved 

that thermal stability of chitosan obtained from the 

shells of swimming crab through the subcritical 

water pretreatment is higher than that of chitosan 

prepared via sodium hydroxide pretreatment [24]. 

Systematic investigation confirmed that thermal 

stability of chemically modified chitosan using 

itaconic acid (a natural unsaturated dicarboxylic 

acid) is higher than that of the original chitosan 

film, and the modified chitosan exhibited flame-

retardant properties [25]. 

In this work, an attempt is made to modify 

chitosan with a significant increase in thermal 

stability via an easy solvent-free synthetic route. 
 

Experimental 

Materials  

Chitosan powder (Otto, India, deacetylation 

>80%) was dried at 110°C for 3 hours before use. 

Toluene diisocyanate (97%, 80:20 isomer mixture, 

Alfa Aesar, UK) was used without further 

purification. Distilled water was used from an  

in-house facility. 

Instruments 
The FTIR characterization was conducted 

on a Perkin Elmer Spectrum GXA FTIR 

spectrometer in the wave number range of  

4000–400 cm-1. The elemental composition 

(carbon, nitrogen, and hydrogen) was estimated 

using a Thermo Finnigan EA 1112 Series Flash 

Elemental Analyzer. The thermogravimetric 

analysis (TGA) of the samples was performed by 

using TA instruments 2960 from 30 to 900°C in a 

nitrogen atmosphere at a heating rate of 

10°C/minute.  

The morphology of chitosan and 

carbodiimide modified chitosan was carried out on 

a Hitachi SU6600 variable Pressure Field Emission 

Scanning Electron Microscope (FESEM) 

instrument. The samples were dried for 24 hours at 

110°C to remove the surface moisture, then cut into 

thin slice and sputter coated (gold) for the analysis 

into FESEM unit; the images were captured at 

ambient temperature and vacuum conditions. 

Synthesis of carbodiimide modified chitosan 

CH powder (0.5 g) and toluene diisocyanate 

(TDI) (5.0 g) was incorporated in a glass bottle  

(25 mL), purged with nitrogen gas, and tightly 

closed. The carbodiimide modification was carried 

out without the use of any solvent. The reaction 

mixture was magnetically stirred at 80°C.  

A viscous slurry was formed after 30 minutes of 

reaction. The reaction was continued for another  

2 hours. Subsequently, the hot viscous mixture was 

immediately precipitated into 100 mL of distilled 

water. The powder was washed in distilled water 

and dried at 70°C under vacuum to obtain  

light-yellow colored carbodiimide modified 

chitosan (CD-CH). 
 

Results and discussion 

A one-pot reaction was carried out between 

chitosan and a diisocyanate molecule which 

possesses high reactivity to primary amino and 

hydroxyl groups of chitosan. The reaction 

pathway, morphology, and thermal stability  

was investigated. Carbodiimide chitosan was 

synthesized according to the Scheme 1.  
 

 

 

Scheme 1. Chitosan–isocyanate reactions lead to the formation of the urea bond and  

eventually to carbodiimide bonds. 
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(a) 

 

 

(b) 

Figure 1. FTIR spectra of CH and CD-CH 

display the peaks at 2100 and 2060 cm-1 indicates 

the formation of carbodiimide structure (a)  

and the strong peak at 2270 cm-1 is due to  

the –NCO group in TDI (b). 

 

In this procedure, an excess quantity of toluene 

diisocyanate was used. The liquid isocyanate 

functioned as a reactant, solvent for chitosan, and 

dehydrating agent. At the beginning of the reaction 

– the –NH2 group of chitosan (as well as OH, but –

NH2 is more reactive) interacted with –NCO of 

TDI to give urea (-NHCONH-) bonds between 

chitosan chains. Since TDI is a bifunctional 

molecule, urea bonds were formed between chains.  

The evolution of the urea/urethane bond 

during the reaction was confirmed by recording 

FTIR of aliquot where vibrational peaks  

of –CO- group were observed at 1720 cm-1 

(urea/urethane carbonyl) along with a peak 

corresponding to –NCO- at 2270 cm-1. In the 

progressive FTIR analysis, -CO groups started to 

disappear and the final product displayed mainly 

two peaks located at 2100 and 2060 cm-1 

respectively (Figure 1).  

These two are signature peaks of the 

carbodiimide structure (N=C=N) [26]. 

Additionally, the amino group in chitosan, 

observed at 3360 cm-1 was vanished/reduced in the 

FTIR spectrum of carbodiimide-linked chitosan.  

In addition, peaks corresponding to –CO groups 

were also drastically diminished. After the 

formation of the urea bond, excess TDI will act as 

a dehydrating agent such that it will grab water 

molecules from the urea bond itself to form 

carbodiimide links. The reaction between CH and 

TDI is shown in Scheme 1. 

Since the CD-CH was insoluble in many of 

the solvents, solution-phase NMR studies could 

not be carried out. The CD-CH particles were 

insoluble even in 2% acetic acid whereas chitosan 

was soluble. To acquire more evidence for 

modification, the nitrogen content of CH and  

CD-CH was assessed. Surprisingly, the nitrogen 

content was lower in CD-CH compared to CH. 

This is theoretically possible because the carbon 

content of linking molecule TDI is almost 4 times 

nitrogen content (16 versus 62%). Elemental 

analysis (%): CH: C (40.6), H (6.0), N (7.5);  

CD-CH: C (48.0), H (3.9) N (3.4). All these studies 

indicate the extensive and effective modification of 

chitosan by this route. 

The morphologies of pristine chitosan and 

CD-CH were evaluated by FESEM analyses and 

the results are presented in Figure 2.  
 

 
(a) 

 
(b) 

Figure 2. FESEM images of CH and CD-CH 

(500x and 5000x magnifications are shown for 

both CD and CD-CH. An image of 1000x is  

also given for CD-CH) (a) and formation of  

coherent block-structured CD-CH via  

carbodiimide bonds (b). 

 

 

 

 

 

 

 

 

 

 

Flaky structure of CH Block model assembly in CD-CH 

with porous morphology 
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Unmodified chitosan was observed as flakes 

whereas a coherent and block structure was noted 

in CD-CH. This implies that chitosan chains were 

covalently bonded by carbodiimide groups. In 

addition, pores were observed on the block-

structured CD-CH. This pore structure is attributed 

to the evolution of water molecules during 

carbodiimide formation (urea-dehydration). 

The most striking feature of CD-CH is its 

thermal stability (Figure 3). The T5% of CD-CH 

was 302°C whereas neat chitosan showed below 

70°C. The T10% of chitosan was 125°C but  

CD-CH exhibited a high value of 413°C. 

Additionally, the char yield was dramatically 

improved to 65% at 900°C, from 29% of neat 

chitosan. The high thermal stability of CD-CH is 

due to the presence of heteroatoms of high 

aromatic (phenyl rings) nature. In heterocyclic 

polymers such as poly(amide-imide)s and 

polybenzimidazoles, high thermal stability is a 

typical feature [27,28].  
 

 
(a) 

 

(b) 
Figure 3. Thermogravimetric profiles of CH and 

CD-CH imply the unusual thermal stability of  

CD-CH material (a) and DTG profiles of CH and 

CD-CH indicate different degradation pattern 

due to modification in the polymer chain (b). 

The carbodiimide may act as a link between 

chitosan chains (heteroatoms, especially the 

stronger -N=C=N- bond uniformly attached  

among chitosan chains). Also, the CD-CH 

exhibited < 1 wt.% weight loss up to 150ºC,  

which is due to the lower moisture absorption 

capability of CD-CH, compared to chitosan.  

This implies that polar groups (present in CH) were 

reduced in CD-CH due to the carbodiimide 

formation reaction. This is the maximum  

thermal stability achieved in completely organic 

chitosan systems. The DTG curves are different for 

CH and CD-CH. Faster degradation was observed 

at about 300ºC in CH. In CD-CH, degradation 

occurs in steps and in a lower rate than CH, this 

may be the reason for improved thermal stability 

observed in CD-CH. The higher DTG peaks 

appeared at 415, 560 and 622ºC indicate the 

improved thermal stability of CD-CH (but these 

high temperature peaks were not present in the 

DTG of CH). The weight loss is less in CD-CH 

compared to CH. 

 

Conclusions 

In this contribution, a simple and  

single-step method was demonstrated to obtain  

carbodiimide-modified chitosan. Chitosan was 

reacted with toluene diisocyanate to yield a urea 

bond which on dehydration resulted in the 

carbodiimide links between chains. In this reaction, 

toluene diisocyanate also has the role of 

dehydrating agent. The FTIR analysis revealed the 

formation of the carbodiimide bond with 

characteristic vibrational peaks noted at 2060 and 

2100 cm-1. Due to the loss of water molecules  

from the polymeric structure, a porous morphology 

was observed in FESEM images. The most 

outstanding feature of CD-CH is its thermal 

stability which registered T10% > 400°C with a char 

yield of 65%. This high thermal feature is 

attributed to the phenyl rings and hetero-structure 

present in modified chitosan. However, thermal 

degradation rates were different in CH and  

CD-CH. A relatively quicker degradation was seen 

in CH (about 300ºC), whereas in CD-CH, 

degradation took place in steps. This reduced rate 

observed in thermal degradation may be  

the reason for improved thermal stability of  

CD-CH. The modified chitosan is a thermally 

stable bio-filler that can offer thermal stability and 

compatibility to synthetic/biopolymers since  

it is purely an organic polymer. The  

synthetic methodology can be adapted to other  

biopolymers to accomplish thermally stable  

biopolymers/bio-fillers. 

 

59 



S. Jesna Das et al. / Chem. J. Mold., 2022, 17(1), 56-61 
 

 

Acknowledgments  

The authors would like to thank the 

Principal, Mahatma Gandhi College, 

Thiruvananthapuram, India, and Post Graduate & 

Research Department of Chemistry, Mahatma 

Gandhi College, Thiruvananthapuram, India for 

providing immense support and research facilities. 
 

References 

1. Anitha, A.; Sowmya, S.; Sudheesh Kumar, P.T.; 

Deepthi, S.; Chennazhi, K.P.; Ehrlich, H.;  

Tsurkan, M.; Jayakumar, R. Chitin and chitosan in 

selected biomedical applications. Progress in 

Polymer Science, 2014, 39(9), pp. 1644–1667. DOI: 

https://doi.org/10.1016/j.progpolymsci.2014.02.008 

2. Ahmed, J.; Mulla, M.; Arfat, Y.A.; Thai T.L.A. 

Mechanical, thermal, structural and barrier 

properties of crab shell chitosan/graphene  

oxide composite films. Food Hydrocolloids,  

2017, 71, pp. 141–148.  

DOI: https://doi.org/10.1016/j.foodhyd.2017.05.013 

3. Chang, C.-H.; Liu, H.-C.; Lin, C.-C.; Chou, C.-H.; 

Lin, F.-H. Gelatin–chondroitin–hyaluronan tri-

copolymer scaffold for cartilage tissue engineering. 

Biomaterials, 2003, 24(26), pp. 4853–4858. DOI: 

https://doi.org/10.1016/S0142-9612(03)00383-1 

4. Liu, H.; Yin, Y.; Yao, K.; Ma, D.; Cui, L.; Cao, Y. 

Influence of the concentrations of hyaluronic  

acid on the properties and biocompatibility of  

Cs–Gel–HA membranes. Biomaterials,  

2004, 25(17), pp. 3523–3530. DOI: 

https://doi.org/10.1016/j.biomaterials.2003.09.102 

5. Gámiz-González, M.A.; Correia, D.M.;  

Lanceros-Mendez, S.; Sencadas, V.; Gómez 

Ribelles, J.L.; Vidaurre, A. Kinetic study of thermal 

degradation of chitosan as a function of 

deacetylation degree. Carbohydrate Polymers, 2017, 

167, pp. 52-58.  

DOI: https://doi.org/10.1016/j.carbpol.2017.03.020 

6. Ou, C.-Y.; Li, S.-D.; Yang, L.; Li, C.-P.;  

Hong, P.-Z.; She, X.-D. The impact of cupric ion on 

thermo-oxidative degradation of chitosan. Polymer 

International, 2010, 59(8), pp. 1110–1115.  

DOI: https://doi.org/10.1002/pi.2835 

7. Taboada, E.; Cabrera, G.; Jimenez, R.; Cardenas, G. 

A kinetic study of the thermal degradation of 

chitosan-metal complexes. Journal of Applied 

Polymer Science, 2009, 114(4), pp. 2043–2052. 

DOI: https://doi.org/10.1002/app.30796 

8. Qu, X.; Wirsén, A.; Albertsson, A.-C. Effect of 

lactic/glycolic acid side chains on the thermal 

degradation kinetics of chitosan derivatives. 

Polymer, 2000, 41(13), pp. 4841–4847. DOI: 

https://doi.org/10.1016/S0032-3861(99)00704-1  

9. Dos Santos, J.E.; Dockal, E.R.; Cavalheiro, E.T.G. 

Synthesis and characterization of Schiff bases from 

chitosan and salicylaldehyde derivatives. 

Carbohydrate Polymers, 2005, 60(3), pp. 277–282. 

DOI: https://doi.org/10.1016/j.carbpol.2004.12.008 

10. Diab, M.A.; El-Sonbati, A.Z.; Bader, D.M.D. 

Thermal stability and degradation of chitosan 

modified by benzophenone. Spectrochimica Acta 

Part A: Molecular and Biomolecular Spectroscopy, 

2011, 79(5), pp. 1057–1062.  

DOI: https://doi.org/10.1016/j.saa.2011.04.019 

11. Liu, X.; Gu, X.; Sun, J.; Zhang, S. Preparation and 

characterization of chitosan derivatives and their 

application as flame retardants in thermoplastic 

polyurethane. Carbohydrate Polymers, 2017, 167, 

pp. 356–363.  

DOI: https://doi.org/10.1016/j.carbpol.2017.03.011 

12. Yeh, J.-T.; Chen, C.-L.; Huang, K.-S. Synthesis and 

properties of chitosan/SiO2 hybrid materials. 

Materials Letters, 2007, 61(6), pp. 1292–1295.  

DOI: https://doi.org/10.1016/j.matlet.2006.07.016 

13. Karpuraranjith, M.; Thambidurai, S. Chitosan/zinc 

oxide-polyvinylpyrrolidone (CS/ZnO-PVP) 

nanocomposite for better thermal and antibacterial 

activity. International Journal of Biological 

Macromolecules, 2017, 104, Part B, pp. 1753–1761. 

DOI: http://doi.org/10.1016/j.ijbiomac.2017.02.079 

14. Carson, L.; Kelly-Brown, C.; Stewart, M.; Oki, A.; 

Regisford, G.; Luo, Z.; Bakhmutov, V.I. Synthesis 

and characterization of chitosan–carbon nanotube 

composites. Materials Letters, 2009, 63(6-7),  

pp. 617–620.  

DOI: https://doi.org/10.1016/j.matlet.2008.11.060 

15. Fei, B.; Lu, H.; Xin, J.H. One-step preparation of 

organosilica@chitosan crosslinked nanospheres. 

Polymer, 2006, 47(4), pp. 947–950.  

DOI: https://doi.org/10.1016/j.polymer.2005.12.063 

16. Layek, R.K.; Samanta, S.; Nandi, A.K. Graphene 

sulphonic acid/chitosan nano biocomposites with 

tunable mechanical and conductivity properties. 

Polymer, 2012, 53(11), pp. 2265–2273.  

DOI: https://doi.org/10.1016/j.polymer.2012.03.048 

17. da Costa, M.P.M.; de Mello Ferreira, I.L.;  

Cruz, M.T.M. New polyelectrolyte complex from 

pectin/chitosan and montmorillonite clay. 

Carbohydrate Polymers, 2016, 146, pp. 123–130. 

DOI: https://doi.org/10.1016/j.carbpol.2016.03.025 

18. De Silva, R.T.; Mantilaka, M.M.M.G.P.G.; 

Ratnayake, S.P.; Amaratunga, G.A.J.;  

Nalin de Silva, K.M. Nano-MgO reinforced  

chitosan nanocomposites for high performance 

packaging applications with improved mechanical, 

thermal and barrier properties. Carbohydrate 

Polymers, 2017, 157, pp. 739–747.  

DOI: https://doi.org/10.1016/j.carbpol.2016.10.038 

19. Swain, S.K.; Dash, S.; Kisku, S.K.; Singh, R.K. 

Thermal and oxygen barrier properties of chitosan 

bionanocomposites by reinforcement of calcium 

carbonate nanopowder. Journal of Materials Science 

& Technology, 2014, 30(8), pp. 791–795.  

DOI: https://doi.org/10.1016/j.jmst.2013.12.017 

20. El Hamdaoui, L.; El Marouani, M.; El Bouchti, M.; 

Kifani-Sahban, F.; El Moussaouiti, M. Thermal 

stability, kinetic degradation and lifetime prediction 

of chitosan schiff bases derived from aromatic 

aldehydes. Chemistry Select, 2021, 6(3),  

pp. 306–317.  

DOI: https://doi.org/10.1002/slct.202004071 

21. Li, Y.; Chen, K.; Yang, Q.; Hong, H.; Feng, L.;  

Luo, Y. Development and characterization of novel 

60 

https://doi.org/10.1016/j.progpolymsci.2014.02.008
https://doi.org/10.1016/j.foodhyd.2017.05.013
https://www.sciencedirect.com/science/article/pii/S0142961203003831
https://www.sciencedirect.com/science/article/pii/S0142961203003831
https://doi.org/10.1016/S0142-9612(03)00383-1
https://doi.org/10.1016/j.biomaterials.2003.09.102
http://www.sciencedirect.com/science/journal/01448617/167/supp/C
https://doi.org/10.1016/j.carbpol.2017.03.020
https://doi.org/10.1002/pi.2835
https://doi.org/10.1002/app.30796
https://www.sciencedirect.com/science/article/pii/S0032386199007041
https://www.sciencedirect.com/science/article/pii/S0032386199007041
https://www.sciencedirect.com/science/article/pii/S0032386199007041
https://doi.org/10.1016/S0032-3861(99)00704-1
https://doi.org/10.1016/j.carbpol.2004.12.008
https://doi.org/10.1016/j.saa.2011.04.019
https://doi.org/10.1016/j.carbpol.2017.03.011
https://www.sciencedirect.com/science/article/pii/S0167577X06008123
https://www.sciencedirect.com/science/article/pii/S0167577X06008123
https://doi.org/10.1016/j.matlet.2006.07.016
http://doi.org/10.1016/j.ijbiomac.2017.02.079
https://www.sciencedirect.com/science/article/pii/S0167577X08009889
https://www.sciencedirect.com/science/article/pii/S0167577X08009889
https://www.sciencedirect.com/science/article/pii/S0167577X08009889
https://doi.org/10.1016/j.matlet.2008.11.060
https://www.sciencedirect.com/science/article/pii/S0032386105018240
https://www.sciencedirect.com/science/article/pii/S0032386105018240
https://doi.org/10.1016/j.polymer.2005.12.063
https://www.sciencedirect.com/science/article/pii/S0032386112002856
https://www.sciencedirect.com/science/article/pii/S0032386112002856
https://www.sciencedirect.com/science/article/pii/S0032386112002856
https://doi.org/10.1016/j.polymer.2012.03.048
https://doi.org/10.1016/j.carbpol.2016.03.025
https://doi.org/10.1016/j.carbpol.2016.10.038
https://doi.org/10.1016/j.jmst.2013.12.017
https://doi.org/10.1002/slct.202004071


S. Jesna Das et al. / Chem. J. Mold., 2022, 17(1), 56-61 
 

 

antioxidant films based on chitosan and Maillard 

reaction products. LWT - Food Science and 

Technology, 2021, 141, 110886, pp. 1–8.  

DOI: https://doi.org/10.1016/j.lwt.2021.110886 

22. Ma, X.; Qiao, C.; Zhang, J.; Xu, J. Effect  

of sorbitol content on microstructure and thermal 

properties of chitosan films. International  

Journal of Biological Macromolecules,  

2018, 119, pp. 1294–1297. DOI: 

https://doi.org/10.1016/j.ijbiomac.2018.08.060 

23. Thou, C.Z.; Khan, F.S.A.; Mubarak, N.M.;  

Ahmad, A.; Khalid, M.; Jagadish, P.; Walvekar, R.; 

Abdullah, E.C.;  Khan, S.; Khan, M.; Hussain, S.; 

Ahmad, I.; Algarni, T.S. Surface charge on 

chitosan/cellulose nanowhiskers composite via 

functionalized and untreated carbon nanotube. 

Arabian Journal of Chemistry, 2021, 14(3), 103022, 

pp. 1–11,  

DOI: https://doi.org/10.1016/j.arabjc.2021.103022 

24. Hao, G.; Hu, Y.; Shi, L.; Chen, J.; Cui, A.;  

Weng, W.; Osako, K. Physicochemical 

characteristics of chitosan from swimming crab 

(Portunus trituberculatus) shells prepared by 

subcritical water pretreatment. Scientific Reports, 

2021, 11, 1646, pp. 1–9.  

DOI: https://doi.org/10.1038/s41598-021-81318-0 

25. Sirviö, J.A.; Kantola, A.M.; Komulainen, S.; 

Filonenko, S. Aqueous modification of chitosan 

with itaconic acid to produce strong oxygen  

barrier film. Biomacromolecules, 2021, 22(5),  

pp. 2119–2128,  

DOI: https://doi.org/10.1021/acs.biomac.1c00216 

26. Zimmer, B.; Nies, C.; Schmitt, C.; Possart, W. 

Chemistry, polymer dynamics and mechanical 

properties of a two-part polyurethane elastomer 

during and after crosslinking. Part I: dry conditions. 

Polymer, 2017, 115, pp. 77–95.  

DOI: https://doi.org/10.1016/j.polymer.2017.03.020 

27. Hsiao, S.-H.; Yang, C.-P.; Chen, C.-W.; Liou, G.-S. 

Synthesis and properties of novel  

poly(amide-imide)s containing pendent 

diphenylamino groups. European Polymer  

Journal, 2005, 41(3), pp. 511–517. DOI: 

https://doi.org/10.1016/j.eurpolymj.2004.10.011 

28. Lobato, J.; Canizares, P.; Rodrigo, M.A.;  

Linares, J.J.; Aguilar, J.A. Improved 

polybenzimidazole films for H3PO4-doped  

PBI-based high temperature PEMFC. Journal of 

Membrane Science, 2007, 306(1-2), pp. 47–55.  

DOI: https://doi.org/10.1016/j.memsci.2007.08.028 

 

 

 

61 

https://doi.org/10.1016/j.lwt.2021.110886
https://doi.org/10.1016/j.ijbiomac.2018.08.060
https://doi.org/10.1038/s41598-021-81318-0
https://doi.org/10.1021/acs.biomac.1c00216
https://www.sciencedirect.com/science/article/pii/S0032386117302677
https://www.sciencedirect.com/science/article/pii/S0032386117302677
https://www.sciencedirect.com/science/article/pii/S0032386117302677
https://doi.org/10.1016/j.polymer.2017.03.020
https://www.sciencedirect.com/science/article/pii/S0014305704003696
https://www.sciencedirect.com/science/article/pii/S0014305704003696
https://www.sciencedirect.com/science/article/pii/S0014305704003696
https://doi.org/10.1016/j.eurpolymj.2004.10.011
https://www.sciencedirect.com/science/article/pii/S0376738807005534
https://www.sciencedirect.com/science/article/pii/S0376738807005534
https://www.sciencedirect.com/science/article/pii/S0376738807005534
https://doi.org/10.1016/j.memsci.2007.08.028

