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Abstract 
 
In this paper, wool keratin polymers having significantly improved thermal properties through 
the chemical modifications with P, N and Cl synergic effects are reported. The changes of 
chemical compositions of the keratin polymers before and after the treatment were 
characterised by using Fourier Transform Infra-Red (FTIR), 31P Nuclear Magnetic Resonance 
(31P-NMR) and Energy-Dispersive X-ray (EDX) techniques. Their thermal properties were 
examined through Thermo Gravimetric Analysis (TGA) and Differential scanning 
Calorimetry (DSC). The treated keratin polymers have shown much less mass losses and 
greater char residues than that of untreated keratin polymer during the pyrolysis process in 
TGA. The treated keratin polymers are envisaged to have advantages of improved flame 
retardant properties.  
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1. Introduction 
 
Wool is natural flame retardant material due to relatively high nitrogen (16%) and sulphur (3-
4%) contents, high ignition temperature (570-600ºC), low heat of combustion (27kJ/g) and 
relatively high limited oxygen index (LOI) (25-28%)1, it burns slowly without melting and 
dripping, and it self-extinguishes when heat source is removed2. However, flame still can 
propagate in wool once ignition has occurred3, which restricts their specific applications in 
protective clothing although wool fibres have unique moisture management properties.  
 
Many of traditional flame retardants for wool fibres were based on halogen compounds, such 
as halo-organic acid anhydrides4, bis(beta-chloroethyl) vinyl phosphonate (VP)5, tris(2,3-
dibromopropyl) phosphate6, they either react with wool fibres or form cross-linked structures 
on the fibre surfaces. These compounds influence the pyrolysis reaction, prevent the 
formation of flammable volatiles, and promote the formation of char and thus act as flame 
retardant for wool. However, in comparison with the limited flame retardant effects of those 
chlorinated flame retardant agents, some of chlorinated flame retardants including short chain 
chlorinated paraffin flame retardants are toxic and carcinogenic and have been legally banned, 
also quite a few of the chlorinated flame retardants have been restricted as they could produce 
highly toxic and corrosive gases with great amount of smoke in combustion7, and some 
bromine-containing flame retardants have potential to form dioxins and furans under either 
severe thermal stress or in combustion8.  
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Commercial flame retardant processes Proban® and Pyrovatex® for cellulosic fibres have also 
been applied to wool9, 10, 11, 12. Proban® process applied a condensation of 
tetrakis(hydroxymethyl) phosphonium chloride (THPC), urea and melamine resin on wool 
fabric, followed by curing and oxidation. While Pyrovatex® process employed N-methylol 
dimethoxyphosphonopropionamide (Pyrovatex CP) to react with wool with the use of melamine 
resin. However, not only these treatment processes involve the use of carcinogenic compound 
formaldehyde but also formaldehyde is released from these chemical treated wool fabrics13. 
 
Currently, Zirpro® process based on the exhaustion of anionic complexes such as 
hexafluorozirconates (ZrF6

2-) and hexafluorotitanates (TiF6
2-) onto positively charged sites in 

wool under acidic conditions is still in use today14, 15, 16. The LOI of the Zirpro wool was in a 
range of 30-35%. However, the presence of zirconium and fluorine ions in the effluent 
discharges could cause environmental issues. 
 
 Other flame retardant agents including inorganic compounds (e.g., ammonium 
polyphosphate, melamine phosphates17), cyclic polyol phosphoryl chloride 18, 19, sol of metal 
oxide20 (e.g. MnO2), and alendronate or pamidronate21 were also reported for the treatment of 
wool fibres, but a great amount of cyclic polyol phosphoryl chloride discharged  to effluent 
causes environmental issues, the sol of metal oxide treatment was not durable and alendronate 
and pamidronate treatment only showed a slight increase (1-2%) of LOI in treated wool 
fibres. Therefore, alternative technical routes to improve the flame retardant properties of 
wool materials are desirable.  
 

Keratin polymer extracted from wool fibres have highly similar chemical composition to wool 
fibres22, 23 and can be regenerated and made into film membrane24, this suggests that 
regenerated keratin polymer film membrane could have the same excellent moisture 
management properties as wool fibres have, which has potential to be used for many 
functional clothing including protective clothing. In this research, a modified wool keratin 
polymer having significantly improved thermal properties through a chemical modification 
having P, N and Cl synergic effects is reported. 
 
2 Modification of keratin polymer 
 
In this research, keratin polymer of 12000~48000 Daltons extracted from 64s merino wool 
fibre and purified was chemically modified using a flame retardant agent A, having P and N 
synergic effect under different conditions as shown in Table 1. The process was described as 
below: 
 
2g of the flame retardant agent A and 50ml THF were dissolved with stirring in a round 
bottom flask (250ml) fitted in oil bath. 2g of the keratin polymer was added into the flask with 
(or without) catalyst Triethylamine and the solution was refluxed (72-74oC) for a period of 
time (24 hours or 48 hours) with the use of water condenser on the round bottom flask. The 
resultant keratin polymer modified with flame retardant agent A was washed with 50ml THF 
twice to remove the excess chemicals and then washed thoroughly with distilled water to 
remove any residue of THF and dried at 40oC for 8 hours ready for use.  
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Table 1: Chemical modification of wool keratin polymer under different conditions 

Samples Keratin 
polymer (g) 

Agent A 
(g) 

Ttriethylamine 
(ml) 

THF 
(ml) 

Time 
duration (h) 

Sample 0  untreated keratin 
Sample 1 2 2 0 50 24 
Sample 2 10 50 24 
Sample 3 20 50 24 
Sample 4 20 50 48 

 
 
3. Characterisation of resultant keratin polymers 
 
The changes in chemical compositions of the keratin polymers before and after the chemical 
treatments were characterised using Fourier Transform Infra-Red (FTIR) spectroscopy, gel-
phase 31P Nuclear Magnetic Resonance spectroscopy (gel-phase 31P-NMR) and Energy-
Dispersive X-ray spectroscopy (EDX). The thermal properties of the treated keratin polymers 
were examined using Thermo Gravimetric Analysis (TGA) and Differential Scanning 
Calorimetry (DSC) techniques. 
 
3.1 Fourier Transform InfraRed (FTIR) spectra analysis 
In order to characterise the changes of the functional groups in the modified keratin polymers, 
the FTIR spectra of the flame retardant agent A, untreated and treated  keratin polymer were 
obtained on a Perkin-Elmer Spectrum BX spotlight Fourier transform infra-red (FTIR) 
spectroscope using KBr pellet technique in the range of 4000 to 400 cm-1 with 16 repetitious 
scans averaged for each spectrum. 
 
3.2 31P Nuclear Magnetic Resonance (31P-NMR) analysis 
In order to study the changes in the chemical compositions of the keratin polymer before and 
after the chemical treatments, the 31P-NMR spectra of untreated and treated keratin polymer 
(sample 3) were obtained on Bruker 500 UltrashieldTM NMR, and Formic acid-d2 99at.% D 
was used to dissolve the untreated  keratin polymer as the treated  keratin polymer cannot be 
dissolved in most of common organic and inorganic solvents. The NMR tube was packed 
with the treated keratin polymer, 4cm depth, and then wetted with Tetrahydrofuran-d8 
99.6at.%D. Chemical shifts were reported in ppm on the į scale. 
 
3.3 Energy Dispersive X-ray (EDX) analysis 
In order to examine the changes of the element compositions of the keratin polymers after 
chemical modification, the elemental analysis of the untreated and treated  keratin polymer 
were performed on a Jeol JSM-6610LV scanning electron microscope coupled to an Oxford 
Instruments INCA X-max80 EDS microanalysis system. 20kV of the accelerating voltage, 50 
of magnification and the Silicon Drift Detector were employed in the testing. The result of 
each sample is the average of three measurements. 
 
3.4 Thermogravimetric Analysis (TGA) 
The thermal behaviour of the treated and untreated keratin polymers were characterised by 
using thermal gravimetric analysis (TGA)  performed in the Stanton Redcroft TGH1000 
thermo-gravimetric analyser, in the range of 20 to 800oC with a heating rate of 5oCmin-1 
under a constant flow of nitrogen (50cm3min-1). Sample weight was in the range of 20-21mg. 

https://www.reaxys.com/reaxys/secured/paging.do?performed=true&action=restore
http://en.wikipedia.org/wiki/Thermogravimetric_analysis
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In order to exclude the interference of the water regain within the samples on TGA result, 
samples were dried at 100oC for 3hrs to remove most of the water moisture inside the 
samples, and then kept in a desiccator before TGA analysis.   
 

3.5 Differential Scanning Calorimetric analysis (DSC) 
The pyrolysis process of the treated and untreated keratin polymers were also analysed using 
Differential Scanning Calorimetric analysis which was performed in a PerkinElmer Jade DSC 
machine in the range of 30 oC to 440oC with a heating rate 20oCmin-1 under a constant flow of 
nitrogen (30cm3min-1). 
 
 
4 Result and discussion 
 
4.1 FTIR spectra 
 
The FTIR spectra of chemical reactive groups of both untreated and treated keratin polymers 
are shown in Figure 1.It is worth to point out that there is a characteristic difference in the 
FTIR spectra between the extracted keratin polymer and the original keratin polymer in wool 
fibres, there appears a much strong peak at 2936 cm-1, which is related to C-H bond stretching 
vibration, in the FTIR spectra of the extracted keratin polymer but this peak is not found in 
the original keratin polymer in wool fibres. Such difference is due to much of the disulfide 
bonds (CH2-S-S-CH2) in the original keratin polymer in wool fibres were cleaved in the 
extracted polymers, and this increases the polarity of the C-H bond25. Besides this, as shown 
in the FTIR spectra in Figure 1, untreated keratin polymer (sample 0) has all the main 
absorption bands existing in original keratin in wool fibres26, 27, Error! Bookmark not defined.. The 
peak shown near 3290cm-1 is related to N-H bond stretching vibration, the peak at 1640cm-1 
(Amide I) is associated with C=O bond stretching vibration, the peaks at both 1540cm-1 

(Amide II) and 1240cm-1 (Amide III) are related to both N-H bending vibration and C-N 
stretching vibration26, 27.  
However, it is interestingly found in Figure 1 that the characteristic peak at 2936cm-1 in FTIR 
spectra of the untreated keratin polymer mentioned above is not found in the FTIR spectra of 
the treated keratin polymers, in particular samples 2~4; this indicates that a new crosslinking 
might be formed between the keratin chains during the chemical modifications. In addition, a 
strong peak of P-Cl bond (530cm-1) is observed in the FTIR spectra of the treated keratin 
polymer in Figure 1. This suggests that the agent A was bonded with the keratin polymer via 
functional groups such as –NH2 in keratin.  
 
 

http://en.wikipedia.org/wiki/Differential_scanning_calorimetry
http://en.wikipedia.org/wiki/Differential_scanning_calorimetry
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Figure 1  FTIR spectra of the untreated (sample 0) and treated keratin polymers (samples 0-4) 

4.2 31P-NMR spectra 
 
The 31P-NMR spectra showing the chemical compositions of the untreated and treated keratin 
polymer are shown in Figure 2Figure 3. 
 
It is found in Figure 2 that no peak is shown in the 31P-NMR spectra of the untreated keratin 
polymer(see Figure 2), this indicates that while there are three peaks shown in the 31P-NMR 
spectra of the treated  keratin polymer, including two sharp peaks shown at 2.74ppm and 
1.52ppm, and one lump peak shown at 0.06ppm (see  Figure 3). Those three peaks are 
associated with three different phosphorus-related chemical bonds in chemical structure of the 
modified keratin polymer. It is thus suggested that  there is significant differences in chemical 
structure between the untreated and treated keratin polymer. As P-Cl groups were identified in 
FTIR in the treated keratin polymer, it might be deduced that at least one of these three peaks 
is due to the P-Cl groups attached on the functional groups in keratin polymer with some new 
covalent bonds. In a summary, it is concluded that the flame retardant agent A is chemically 
bonded with the keratin polymer via some new covalent bonds.  
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Figure 2 31P-NMR spectra of the untreated  keratin polymer 

 

 
Figure 3 31P-NMR spectra of the treated keratin polymer 

4.3 Elemental analysis 
 
The elemental analysis of the treated keratin polymer was examined using EDX technique as 
shown in  
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Table 2. There are no P and Cl elements detected in the untreated keratin polymer, while there 
are a significant amount of both P (up to 12.6%) and Cl (up to 6.8%) appeared in the treated 
keratin polymer. The detected Cl in the treated keratin polymer may be explained that P-Cl 
groups in agent A were not reacted with the keratin polymer completely. It is also found that 
there are massive increases of the element N (range from 16.7% to 22.2%) in treated keratin 
polymer in comparison with untreated  keratin (11.2%), and this means that the treated keratin 
polymer contains as much 1.5 ~ 2.0 times of element N as in untreated keratin polymer. These 
findings further prove that the flame retardant agent A has a P-N synergic flame retardant 
effect when bonded with keratin polymers. 
 
While the compositions of the elements of the keratin polymers obtained from the EDX 
measurement on different samples were very useful for comparison purposes, the further 
research is needed for the quantification of the amount of the Cl, P and N introduced into the 
entire sample of the treated keratin polymer, because the elemental analysis performed using 
EDX technique is only limited to the sample surfaces. In this research, the level of element P 
in the keratin polymers is an indication of the content of the flame retardant agent A 
introduced into the treated wool keratin. 
 
Based on both the phosphorus levels shown in  

Table 2 and the chemical treatment conditions shown in Table 1, it is found that the reactions 
between the agent A and the wool keratin polymers were affected by the amount of catalyst 
added and the reaction duration time. With the aid of the catalyst employed, the phosphorus 
level in sample 2 is about as much as 4.4 times of that in sample 1 without catalyst. With the 
increase of the amount of the catalyst from 5 to 10 ml per gram of keratin, the phosphorus 
level increases from 6.0% in sample 2 to 9.6% in sample 3; with the increase of the reaction 
time duration from 24 hours to 48 hours, the phosphorus level increases from 9.6% to 12.6% 
in comparison of samples 3 and 4. 

Table 2 Elemental analysis of the untreated and treated keratin polymer 

Samples C 
(%) 

O 
(%) 

N 
(%) 

P 
(%) 

S 
(%) 

Cl 
(%) 

Sample  0 
(untreated) 

53.9 28.0 11.2 0.0 5.1 0.0 

Sample  1 49.1 28.5 16.7 1.4 3.0 1.3 
Sample  2 35.7 29.3 22.2 6.0 2.2 3.8 
Sample  3 32.9 28.9 19.7 9.6 2.0 6.0 
Sample  4 27.8 28.9 21.3 12.6 1.6 6.8 

 
4.4 Thermal degradation analysis (TGA) 
 
The TG curves of both untreated and treated keratin polymer samples are shown in Figure 4, 
and the e mass losses and char residues in TG Analysis is shown in Table 3. As shown in 
Figure 4, there were two regions of major mass losses above 200oC for both of the untreated 
and treated keratin polymer. The first mass loss process occurred between 200oC and 350oC, 
and the second mass loss process occurred between 350oC and 800oC. Interestingly, it is 
noticed that the mass losses of the treated keratin polymers are much less than that of the 
untreated keratin polymer in the degradation process (see Table 3), while the char residues of 
the treated keratin polymers are much greater than that of the untreated keratin polymer. The 
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mass losses of the treated keratin polymer (39.4% in average) was less than that of untreated 
wool keratin polymer (49.7%) in the temperature range of 200 to 350oC, and the char residue 
of the treated keratin polymer (average 37.4%) was much more than that of untreated wool 
keratin polymer (22.8%) at 800oC. In comparison with TGA result of Zirpro wool28, which is 
the wool treated with 9.74% zirconium oxychloride, 9.6% of citric acid and 6.3% of formic 
acid at 95oC for 45mins, it is found in Table 4 that the mass losses of these treated keratin 
polymer (40.97% in average) was less than that of the Zirpro wool (46.05%) at the 
temperature range between 212oC and 374oC, which is about 11% of decrease of the mass 
losses in Zipro wool. It is also noticed that the char residues of the treated keratin polymer 
(42.03% in average) was significantly greater than that of the Zirpro wool (32.02%) at 600oC, 
which is about 31% of increase of the char residues in Zipro wool. 
 
It was demonstrated that the pyrolytic region of the keratin polymer occurring from 200oC to 
350oC involved the release of a number of volatile compounds such as H2S, CO2, H2O and 
HCN29, because of the destruction of disulfide linkages, followed by the thermal pyrolysis of 
the chain linkages, peptide bridges and some other lateral chains, which finally leaded to 
backbone degradation of the keratin polymer30

. The second pyrolytic region of the keratin 
polymer over 350oC was an exothermic reaction that the char oxidation reactions dominate29. 

Therefore, there must be much less carbon chain linkage in the treated keratin polymers being 
thermally pyrolysed, which leads to the much less mass losses and higher char residues in the 
degradation process. The reason could be associated with the P, N and Cl synergic effect 
occurred. It is deduced that N promotes the phosphorylation of keratin polymer, and therefore 
inhibits the release of volatiles during the pyrolysis process of keratin polymer, in addition, P-
Cl containing compound e.g. phosphorus halides might form and act as free-radical 
combustion inhibitors to retard the combustion of the treated keratin polymer. However, the 
chlorinated structure might have potential to release harmful gases during combustion, and 
the research to identify the needs to include chloride element in the compounds and the 
possibility to remove it from treated wool are ongoing.     
 
In summary, it is thus concluded that the designed chemical modification of the keratin 
polymer in this research has inhibited the formation of flammable volatiles, and has enhanced 
the formation of char during the pyrolysis of the keratin polymer. Because enhanced char 
formation over 500oC is synonymous with improved flame retardant performance31, it is 
envisaged that the treated wool keratin polymer will have much improved flame retardant 
properties.  
 

Table 3 Mass loss in the temperature range of 200 ~350oC and char residue at 800oC of the 
untreated (sample 0) and treated wool keratin polymer (samples 1-4) 

Sample  Mass losses in the 
range of 200 to 
350oC (%) 

Mass losses in 
the range of 212 
to 374oC (%) 

Char residue 
at 600oC (%) 

Char residue 
at 800oC (%) 

Sample 0 
(untreated) 

49.7 52.96 28.0 22.8 

Sample 1 41.8 41.14 39.3 34.2 

Sample 2 40.1 39.37 41.1 36.0 

Sample 3 39.0 41.13 42.8 38.4 

Sample 4 36.5 38.64 44.9 41.1 

Average of 39.4 41.0 42.0 37.4 
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samples 1~4 
Zirpro wool28 / 46.1 32.0 / 

 

 
 

Figure 4 TG curves of untreated (sample 0) and treated keratin polymer (samples 1-4) 
 
 

 
Figure 5 TG curve of Zirpro wool treated with 9.74% zirconium oxychloride, 9.6% citric acid, 6.3% 

formic acid at 95oC for 45min, figure from 28  
 

 

4.5 Differential scanning calorimetric analysis  
 

The thermal properties of the treated keratin polymer were also analysed by using DSC 
technique. The DSC curves of the untreated and treated keratin polymer are presented in 
Figure 6Figure 10. It is observed that there is clearly an exothermic peak occurring between 
220oC and 260oC in the DSC curves of the treated keratin polymer, particularly in the samples 
2 to 3. Such exothermic peak has never been found in the DSC curve for untreated keratin 
polymer (see Figure 6). In contrast, there is a small endothermic peak in the same range of 
temperature in the DSC curve of untreated keratin polymer (see Figure 6). It is thus concluded 

0

10

20

30

40

50

60

70

80

90

100

0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800

m
a

ss
 l

o
ss

%
 

temperature (oC) 

sample 0

sample 1

sample 2

sample 3

sample 4

http://en.wikipedia.org/wiki/Differential_scanning_calorimetry


10 

 

that the exothermic peak occurring between 220oC and 260oC indicates the influence of the 
chemical modification on the thermal pyrolysis of the keratin polymer, and that this 
exothermic peak represents the energy consumed to break the new bonds formed in the 
untreated keratin polymer. 
 

 
Figure 6 DSC curve of the untreated keratin polymer (sample 0) 

 
Figure 7 DSC curve of the treated keratin polymer (sample 1) 
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.  

Figure 8 DSC curve of the treated keratin polymer (sample 2) 

 
Figure 9 DSC curve of the treated keratin polymer (sample 3) 
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Figure 10 DSC curve of the treated keratin polymer (sample 4) 

Conclusions 
 

The thermal properties of keratin polymer chemically modified using a flame retardant agent 
having N-P synergic effect is significantly improved. The changes of both active groups and 
key elements of the keratin polymer before and after the chemical treatment are characterised, 
and the FTIR and 31P-NMR analysis indicated that the P and Cl elements are bonded with the 
wool keratin polymer successfully. It is found that the treated keratin polymer has significant 
less mass losses and much greater char residues than that of untreated keratin polymer during 
their pyrolysis processes. It is believed that an exothermic peak occurring between 220oC and 
260oC in DSC analysis is associated with the influence of the flame retardant agent treatment 
on the thermal pyrolysis of the treated keratin polymer. This treated  keratin polymer is 
envisaged to have improved flame retardant properties and such treatment process could also 
be used in the treatment of wool fibres, yarns and fabrics. 
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