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Figure 7-26: Pyrogallol concentration (ppm), analysed with UHPLC, for control and test samples with the 
depolymerisation process carried out 25C, 35C and 45C. Error bars denote the standard error of the mean (n=3 
in duplicate). Means with different letters (A, B, C) are significantly different (Tukey’s HSD, p<0.05). When both 
letters are used, e.g. AB, the mean is not significantly different from both A and B. 

 

 
For all analytical data (condensed tannin content, catechin equivalent and pyrogallol 

concentration), analysis of variance indicated a significant difference between the control and 

the test sample, for all temperatures studied (p<0.001). Regardless of temperature, the acid-

catalysed process showed a decrease in polymeric proanthocyanidins, in comparison with the 

control, indicated by the lower condensed tannin content (Figure 7-24) and higher catechin 

equivalent (Figure 7-25) obtained with this process. The lower pyrogallol concentration (Figure 

7-26) for the test samples indicate that its consumption is related to the formation of 

carbocations due to the breakage of the interflavanyl bond. 

Data from the vanillin assay to measure the catechin equivalent (Figure 7-25) showed a 

significantly lower content in catechin when the depolymerisation was carried out at 45C, for 

both test and control, upon comparison of the data obtained for the process carried out at 

25C and 35C. According to Hernes and Hedges (2000), the terminal units are less stable to 

higher temperature than the adducted extender units. This indicates that, at higher 
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temperature, side reactions and/or degradation may be occurring in the monomeric units 

released by the acid cleavage.  

When used as a method for determining the degree of polymerisation, ambient temperature 

is generally used for the acid-catalysed depolymerisation (Koupai-Abyazani, 1992; Hagerman, 

2002). In order to standardise the process to a controllable temperature, 25C can be used, 

as the increase in temperature to 35C has not resulted in yield improvement, and further 

increase results in possible degradation of the monomers. Industrial processing in mild 

temperatures represent lower energy consumption, being an advantage in terms of economic 

and environmental perspectives. 

 

7.4.4.3 Application on hide powder 

The depolymerised products were applied to hide powder, followed by laccase-catalysed 

polymerisation and the process was evaluated through the change in shrinkage temperature 

(ΔTs). 

Figure 7-27 present data for the depolymerised products obtained via acid cleavage in ethanol 

and water, applied in the stabilisation of hide powder. A sample omitting the enzyme was 

prepared for each product (control laccase). 
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Figure 7-27: Change in shrinkage temperature (ΔTs) of hide powder, tanned with control and test samples 
subjected to acid cleavage with addition of pyrogallol carried out in ethanol and water. For each tanning product, a 
control omitting the enzyme and a sample containing the enzyme laccase were prepared. Error bars denote the 
standard error of the mean (n=3 in duplicate). Means with different letters (A, B) are significantly different (Tukey’s 
HSD, p<0.05). 

 

Data from Figure 7-27 show that the depolymerisation product controls, obtained in ethanol 

and water, have not presented statistically significant differences in shrinkage temperature, 

both for the samples omitting the enzyme (control laccase) and for the samples subjected to 

the enzymatic reaction.  

Test sample obtained in water showed that values of shrinkage temperature were not 

statistically different from all other samples. This result corroborates with results for condensed 

tannin and catechin equivalent, which showed similar data to the control obtained with ethanol.  

Test sample obtained in ethanol was statistically higher than the control, showing that the 

smaller molecules extracted with ethyl acetate (see Figure 7-22) were being polymerised by 

laccase, thus increasing the thermal stabilisation of hide powder. The average increase in 

shrinkage temperature obtained with the test sample subjected to polymerisation with laccase 

was 29.56C, which is higher than usual values of 20 to 25°C obtained with vegetable tanning 

(Covington, 1997).  
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7.4.4.4 Application on goat skin 

The laccase-catalysed polymerisation of depolymerised mimosa was also applied in tanning 

of goat skin. Figure 7-28 presents the change in shrinkage temperature (ΔTs) for control and 

test samples subjected to acid cleavage with addition of pyrogallol carried out in ethanol and 

25C, for samples omitting the enzyme (Control laccase), and samples incubated with laccase 

(Laccase). 

 

Figure 7-28: Change in shrinkage temperature (ΔTs) of goat skin, tanned with control and test samples subjected 
to acid cleavage with addition of pyrogallol carried out in ethanol and 25C. For each tanning product (control and 
test), a control omitting the enzyme and a sample containing the enzyme laccase were prepared. Error bars denote 
the standard error of the mean (n=3 in duplicate). Means with different letters (A, B) are significantly different 
(Tukey’s HSD, p<0.05). 

 

Data presented in Figure 7-28 show that, for all products (mimosa, control acid cleavage and 

test acid cleavage), the difference between samples omitting the enzyme (Control laccase) 

and subjected to incubation with laccase (Laccase) was not statistically significant (p = 0.088). 

For the application of unmodified mimosa, the sample which the enzyme was applied 

(Laccase), presented a slightly lower shrinkage temperature than the sample omitting the 
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enzyme (Control laccase). This difference, nevertheless, was not statistically significant. The 

control acid cleavage showed the lowest values for shrinkage temperature in comparison with 

unmodified mimosa and test acid cleavage. For the acid cleavage test sample, the sample 

subjected to incubation with laccase (sample laccase) showed slightly higher ΔTs in 

comparison with the sample omitting the enzyme (sample control laccase), although the 

difference was not statistically significant. The test sample subjected to the acid cleavage and 

laccase incubation (sample laccase) showed similar results in comparison with unmodified 

mimosa omitting the enzyme (sample control laccase), which demonstrates that the process 

of laccase-catalysed polymerisation of depolymerised mimosa achieves similar values of 

shrinkage temperature as the conventional process.  

The experiments on goat skin show the potential of the laccase-catalysed polymerisation of 

depolymerised mimosa tannin on the stabilisation of collagen. The enzymatic process, 

however, must be further optimised in order to achieve similar results in comparison with hide 

powder. 

 

7.5 Summary 

Preliminary experiments using acid cleavage with addition of phloroglucinol showed that the 

process was effective in the depolymerisation of mimosa tannin. The depolymerised product, 

however, showed a small impact in the stabilisation of collagen. In order to increase the effect 

of laccase-catalysed polymerisation of the depolymerised product applied to the stabilisation 

of collagen, pyrogallol was used as nucleophile trapping agent in the acid cleavage 

depolymerisation of mimosa tannin.  

Data indicates the potential of scaling-up production of depolymerised mimosa tannin via acid-

catalysed process in the presence of pyrogallol, indicated by the decrease in condensed 

tannin content and increase in monomeric content for the acid-catalysed process, in 

comparison with a control. Depolymerisation of condensed tannins represents a new route in 

obtaining monomeric phenols for industrial applications, such as the production of adhesives 

and resins. The reaction was influenced by the solvent, as the depolymerisation effect was 

significant in ethanol and not significant when water was used. In terms of the reaction 

temperature, data show that the process may be carried out at mild temperature (25C), 

representing low energy consumption. The lower molecular weight phenolic molecules 
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obtained with the depolymerisation of mimosa tannin may be presented as a prospective 

substitute of phenolics from other sources, such as petrochemical.  

Application of depolymerised mimosa on the laccase-assisted stabilisation of hide powder and 

goat skin showed the potential of a new biotechnological route for a time effective process of 

vegetable tanning.



Chapter 8 Conclusions 

 

 

This research presents a step forward in the direction of developing new processes for leather 

tanning (stabilisation of collagen). A more time-effective process for organic tanning has the 

potential to replace the use of metal compounds such as chromium in the stabilisation of hides 

and skins. This study represents an advance towards reducing the environmental impact of 

leather production. 

Enzymatic catalysis showed that a non-tannin phenolic compound (catechin) can be 

transformed into a polyphenol with capacity of promoting crosslinks between collagen 

molecules. The environmental advantage of a biotechnological process expands the 

applicability to areas beyond the tanning of leather, such as the production of collagenic 

biomaterials. Biomaterials made from collagen are applied in tissue engineering as to function 

as cell scaffolds to replace native collagen. Usually aldehyde crosslinking agents are used, 

therefore, the laccase-catalysed polymerisation of catechin can be presented as an alternative 

crosslinking agent. 

The original idea of the research was the search for an enzymatic method of depolymerisation 

of condensed tannins. As lignin has a similar chemical constitution as vegetable tannins, the 

laccase-mediator system, applied to the degradation of lignin was tested. The method showed 

unsatisfactory results, as the enzyme laccase was being inhibited by the mimosa extract, i.e., 

the mimosa extract was binding to the enzyme. 

Although the interflavanyl bond between building blocks of condensed tannins is stable, the 

method of acid-catalysed depolymerisation with the addition of a nucleophile showed that low 

molecular weight phenolics can be produced from high molecular weight tannins. 

Depolymerisation of condensed tannins represents a new route in obtaining monomeric 

phenols for industrial applications, such as the production of adhesives and resins. 

Phloroglucinol and pyrogallol can be used as nucleophile agent in the depolymerisation of 

mimosa, although pyrogallol is the preferred reagent for the application on leather tanning.  
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The production of low molecular weight phenolics showed that other methods for analysing 

tannin content had to be sought. The current methods used to evaluate tannin content in 

vegetable extracts used in leather tanning, which are based in tannin absorption by hide 

powder, showed not to be appropriate for samples with a low tannin content. The methods 

rely on outdated theories and simple apparatus. With the advances in polyphenol chemistry 

and modern analytical techniques, more reliable results on tannin content can be obtained. 

 

 

8.1 Suggestions for further research 

Other solvents can also be applied in experiments aiming at optimising the solvent extraction 

of low molecular weight phenols. Solvents such as diethyl ether and methyl ethyl ketone can 

be used and the extraction yield compared with the extraction using ethyl acetate. 

The process of mimosa depolymerisation, presented in this research in a laboratory scale, 

can be scaled-up to a pilot scale. The scale-up can provide further information on the financial 

viability of the process. 

Further studies on the application of depolymerised mimosa in leather tanning can be carried 

out. The depolymerised mimosa extract can be applied in combination tanning with aldehyde 

compounds such as oxazolidine, aiming at exploring the synergetic effect of polyphenol-

aldehyde tanning (Covington, 2009). Covington et al. (2005) have applied combination tanning 

of green tea extract and oxazolidine to hide powder, having found an increase in shrinkage 

temperature of 33C for the combination tanning in comparison with the green tea extract 

alone. This shows the potential of facilitating penetration of organic tanning agents into the 

hide/skin thickness achieving similar thermal stabilisation results as chromium tanning.  

Further analytical work can be undertaken, aiming at achieving a deep understanding of the 

molecular conformation of the depolymerised mimosa extract. The analyses may be carried 

out by performing chromatographic fractionation using size exclusion beads, aiming at 

separating the different molecular weight molecules. The fractions may be analysed using 

NMR, which enables the study of the polyphenol stereochemistry and its influence in the 

reactions with collagen and/or with aldehydic crosslinkers. 



 

 

 

167 Conclusions 

An optimisation of the laccase-catalysed polymerisation of depolymerised mimosa in situ may 

be carried out for goat skins and bovine hides. The colour conferred by the quinones 

generated by the laccase-catalysed polymerisation may be explored as a pre-dyeing 

treatment. 
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Appendix 1     Data of colour measurements 

Data of colour measurements (L, a and b), and calculated ΔE in relation to the reference 

sample, for samples as described in Table 5-2. 

Run L a b E 

Reference 80.00 1.50 13.81 - 

1 34.31 18.26 33.10 30.86 

2 33.90 19.60 33.94 23.75 

3 37.45 18.79 32.21 20.29 

4 33.18 19.14 33.47 22.28 

5 34.53 19.72 37.61 23.58 

6 33.99 18.99 36.66 33.43 

7 32.21 20.10 35.52 21.99 

8 36.56 21.26 37.73 28.20 

9 34.30 18.68 36.73 26.39 

10 36.28 19.28 37.65 38.38 

11 33.81 19.25 33.98 37.19 

12 35.97 19.28 34.28 27.49 

13 25.78 15.84 25.48 35.13 

14 24.62 15.22 24.76 46.68 

15 30.49 18.44 33.29 46.64 

16 32.24 16.27 36.45 45.66 

17 30.31 19.18 34.45 36.85 

18 33.81 20.74 36.76 36.37 

19 35.67 20.85 38.32 38.55 

  



 

 

187 Appendix 1     Data of colour measurements 

Data of colour measurements (L, a and b), and calculated ΔE for samples before and after 

exposure to light (light stability test). 

Run L a b E 

1 36.28 17.50 31.67 2.55 

2 33.40 17.73 32.17 2.62 

3 35.99 17.34 30,68 2.56 

4 33.57 18.26 31.58 2.12 

5 34.54 18.39 35.28 2.68 

6 34.13 16.39 33.51 2.85 

7 33.07 19.04 33.73 2.09 

8 34.38 20.40 36.29 2.75 

9 34.31 17.98 34.98 1.88 

10 34.95 18.06 36.18 2.33 

11 34.55 17.87 33.08 1.80 

12 34.66 18.21 32.15 2.72 

13 27.40 15.07 27.76 2.90 

14 26.73 15.18 26.85 2.97 

15 33.15 17.50 34.20 2.96 

16 30.56 15.94 34.94 2.28 

17 33.11 18.55 33.83 2.94 

18 33.63 18.52 33.96 2.18 

19 34.97 19.42 36.65 2.31 

 

 

 


