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1. Scientific background 

Nowadays, the availability and use of environmentally friendly wood preservatives are strictly 

required. Some new up-to-date solutions have been proposed to replace heavy-metal based 

formulations in the last years e.g. using tannins. Tannins are a group of natural polyphenolic 

compounds that may act as important defenses against certain micro-organisms, insects and 

mammalian herbivores (Poklar Ulrih et al. 2010; Barbehenn and Constabel, 2011). The efficacy of 

tannin-boron preservatives to protect wood against degrading fungi and insects was recently studied 

in order to develop environmentally friendly wood preservatives (Thévenon, et al. 2009; Thévenon et 

al. 2010; Tondi et al. 2012a; Tondi et al. 2012b). However, there are still some drawbacks for the use 

of tannins in wood preservation in order to make them interesting and applicable for industrial use. 

In our previous researches improving this inovative formulation, some introductions of additives 

such as ε-caprolactam and montmorillonite in tannin-boron preservatives have been analyzed to bring 

new functionality to the wood material (e.g. strength, fire-resistance) without modifying the 

properties as wood-preservative. The possibility to make further tests to probe the anchored 

mechanism and evaluate the behavior of these advance technology will be a key-factor for extending 

the preservation properties of the tannin-boron formulations. 

2. Purpose of the STSM 

The short term scientific mission (STSM) is a very effective tool to foster international 

collaborations, to learn a new technique or to take measurements using instruments and/or methods 

not available in home laboratory. Actually the wood technology department in FHS always 

collaborated with the wood preservation laboratory in CIRAD. The co-researched team is involved in a 

projects, namely “tannin-boron wood preservatives”, which is in close collaboration with CIRAD and 

with Dr. Marie-France Thévenon, and Mr. Jinbo Hu, the applicant of this STSM, is responsible for 

the some research parts in this project. 

In this project the advance formulations (some additives of ε-caprolactam and montmorillonite) have 

been recently explored and performed. Nowadays we are doing the first evaluation of the biological 

resistance in CIRAD, but we have some questions about chemical, physical, mechanical and 

fireproofing properties, as well as a field test. These effects of adding ε-caprolactam or 

montmorrillonite, are under many aspects, not enough clear. The research team in FHS has abundant 

experience in the study where we are puzzling. For this reason, Mr. Jinbo Hu is very interested to 

learn and to improve practical knowledge, simultaneously to solve those doubts. 

3. Description of the work carried out during the STSM 

3.1 The impregnating sample for the field test 

Seven series of 100 samples were impregnated with different tannin-boron formulations. The 

formulations were prepared mixing 15g of mimosa tannin in 100g of a solution and different 

concentration of boric acid solution (Tondi et al. 2012a). The pH was than adjusted at the value of 

9.0 with NaOH 33% excluding a formulation without NaOH solution. Hexamine and ε-caprolactam 

were added according to Table 1. The impregnation has been done following the vacuum method: 

The scots pine and beech specimens of 100×10×5 mm3 dimensions (ENV 807) were put into a 
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desiccator in which 30 minutes vacuum (8 mbar) was applied. The tannin-boron solution was then 

filled into the desiccator allowing the impregnation process to start. Slow release of pressure was 

then applied and the 24 hours of penetration time was applied (Fig. 1). The impregnated samples 

were kept 24 hours in an oven at 103°C in order to let the polymerization between tannin and 

hexamine to occur. The samples were stored in a climatic chamber at 20°C and 65% RH. 

Table 1 Details of the formulations applied for the impregnating specimens 

Additive 
Concentration in different formulation(F) 

F-1 F-2 F-3 F-4 F-5 F-6 F-7 

Tannin 15% 15% 15% 15% 15% 15% 15% 

Boric acid 0 1% 1.5% 2% 2% 2.5% 3% 

pH 9 9 9 9 4.75 9 9 

ε-Caprolactam 13.1% 13.1% 13.1% 13.1% 13.1% 13.1% 13.1% 

Hexamine 0.9% 0.9% 0.9% 0.9% 0.9% 0.9% 0.9% 

Water 70.9% 69.8% 69.3% 68.6% 69% 68.1% 67.4% 

Note: In F-5 there is no NaOH solution. 

 

Fig.1 Impregnation of the specimens, from left to right: preparation of a tannin-boron solution, 

vacuum, and impregnatiing specimens with the the modified tannin-boron preservatives 

3.2 Characterization by FT-IR 

The raw materials used in this study are listed in Table 2, separately making 

tannin-boron-montmorillonite compound and tannin-boron-ε-caprolactam compound. All raw 

materials are laboratory grade chemicals and were used as received.  

Table 2 Raw materials in the FT-IR measurement 

Formulation 1 

and wood 
Tannin Boric acid NaOH montmorillonite Hexamine Water 

Formulation 2 

and wood 
Tannin Boric acid NaOH ε-Caprolactam Hexamine Water 

Note: Wood is scots pine and beech. 

Tannin-boron-montmorillonite compound: The samples were collected by scraping untreated / 

treated wood with tannin-boron-montmorillonite formulation. The obtained hybrids and 

tannin-boron-montmorillonite compound were powdered either by sanding or grinding. All these 

specimens (Fig. 2) were dried in an oven at 103 ± 2 °C until absolutely dry. The passed powder was 
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kept for FTIR analysis. 

Tannin-boron-ε-caprolactam compound: The tannin samples were dissolved in distilled water. The 

tannin-boron-ε-caprolactam solutions were mixed with boric acid, NaOH, hexamine and 

ε-caprolactam, then these solutions were put into the oven at 103 ± 2 °C for 6h to attain the polymer 

(Fig. 2) and remove water. These polymers were ground into powder. The obtained power was kept 

for FT-IR analysis, then the FT-IR samples of wood treated with tannin-boron-ε-caprolactam 

formulation were collected by cutting some slices. 

FT-IR and its attenuated total reflectance mode (ATR-FTIR) were carried out with a PerkinElmer 

Frontier FT-IR spectrometer (Fig. 2) in the range 4000 to 500cm−1, with a resolution of 2 cm−1 at 

room temperature. 

 

  

Fig.2 FT-IR measurement, from left to right: tannin-boron-montmorillonite compound (up), 

tannin-boron-ε-caprolactam compound (down) and PerkinElmer Frontier FT-IR spectrometer 

3.3 Dimensional stability and water absorption 

For dimensional stability and water absorption tests, samples measuring 20 × 20 × 10 mm3 were 

prepared from scots pine and beech sapwood. The samples were dried in a oven (103 ± 2°C) before 

testing. Treated and untreated samples with tannin-boron-montmorillonite formulation were placed 

into beakers filled with distilled water. The water was replaced with fresh one every day untill 4 

weeks. Mass and dimensions of the samples were recorded. Experiments were carried out at room 

temperature. Dimensional swelling (DS) and water absorption (WA) were calculated according to 

eqs. (1) and (2) after immersing in the water 6h and 4 weeks: 

 

 
where D2 is the tangential, radial and longitudinal dimension at any given time during water soaked 

condition, D1 is the tangential, radial and longitudinal dimensions of the anhydrous specimen; W1 

and W2 are the mass of the wood specimens before and after immersing test. 
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3.4 Mechanical properties 

3.4.1 Hardness tests 

The hardness of Scots pine and European beech samples (60 × 20 × 20 mm3) was 

tested on lateral sides (tangential and radial) according to the Brinell test EN 1534 

(2000).  The “ emco-test M4U 075 ” was  specifically employed in this study to 

investigate the Brinell hardness of the six samples for each formulation. 

3.4.2 Compression tests 

60 × 20 × 20 mm3 pieces of Scots pine and European beech were tested in 

compression according to the standard DIN 52185 (1976). Six samples for 

each formulation were tested using a Zwick/Roell Z 250 universal testing 

machine with a compression rate of 2 mm/min. 

3.4.3 Flexural strength test (to samples of field test) 

To measure the flexural strength, specimens (100 × 10 × 5 mm3) were 

tested on Zwick/Roell Z 250 universal testing machine at a crosshead 

speed of 2 mm/min under the three point bend testing. 

The values obtained from specimens’ fracture which was in Newton were 

modified into the following formula (in MPa), namely the modulus of 

rupture (MOR): 

 
From the load-deflection curve, the modulus of elasticity (MOE) was obtained as follows: 

 

Where P-load in the region of proportionality, L-length between specimen supports, b-width of 

specimen, d-height of specimen, y-mid span deflection of specimen at load P. 

3.5 Surface property----Gluing tests 

The gluing capacities of the treated surface were evaluated by means of a shearing 

test. Samples of Scots pine and European beech (80 × 20 × 5 mm3) were impregnated 

with tannin-boron-montmorillonite formulation and then glued in couples with 250  

g/m2 of polyvinyl acetate based resin. At least five glued samples for each formulation 

were obtained and tested. The shearing test was performed at a rate of 2 mm/min on 

a 20 × 10 mm2 glued surface (Tondi et al. 2012c). 

3.6 Color tests by CIE 1976 (L*, a*, b*) color space 

The wood colour was measured with a Mercury 2000 spectrophotometer (Datacolor). The diameter 

of the spotlight used for measurement was 11 mm. The wood colour was determined according to the 

CIE L* a* b* space with CIE standard illuminants D65 and a 10° standard observer (Tondi et al. 

2012b). The CIE L* a* b* colour space was characterized by three parameters L*, a*, and b*. The L* 

parameter represents the lightness, for which the value of L* ranges from 0 (black) to 100 (white). 
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The a* and b* axis describe the chromatic coordinates on the green/red (a*) and blue/yellow (b*) 

axis. Colour coordinates before, during, and after exposure were measured, resulting in nine 

measurements per sample and according to DIN 5033 (1979). 

3.7 Fire-proofing properties 

Lab-scale tests were carried out to evaluate the most important parameters of the treated samples 

regarding fire exposure. 

3.7.1 Short-time exposure fire tests 

50 × 25 × 15 mm3 samples of Scots pine and European beech were tested against fire, therefore the 

larger surface was exposed to the 100% oxidant flame of a Bunsen burner (Fig. 3). The distance 

between Bunsen burner and sample was set at 9 cm and the burning times were controlled with a 

stop-watch. Ignition, flame and ember time were recorded for each sample whereby the ignition time 

was the minimum exposure time necessary to activate unaided burning. The flame time measures the 

time that the sample requires to extinguish the flame after 2 minutes of continued exposure. Ember 

time measures the time required for complete extinction (no more red spots, no more fumes). Each 

value was recorded after at least three specimens had undergone each tested formulation (Tondi et al. 

2012). 

  

Fig. 3 Fireproofing test, from left to right: short-time exposure fire test, long-time exposure fire test 

3.7.2 Long-time exposure fire tests 

Cubic samples of 25 mm per side of Scots pine and European beech were impregnated with 

tannin-boron-montmorillonite formulation. The specimens were exposed to direct flame in a 
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lab-made instrument (Fig. 3). The vertex of the sample was exposed to the top of the roaring blue 

flame of the Bunsen burner (d = 9 cm). The weight of the sample was registered every 10 or 30 

seconds and the weight-loss curve was extrapolated. The test was repeated at least three times (Tondi 

et al. 2012). 

3.8 Statistical anlysis 

The data collected from all tests were tabulated and analyzed by OriginPro, using one-way ANOVA 

(p<0.05). 

4. Description of the main results obtained 

4.1 Wood’s color after treatment 

Tannin-based water-borne solution have always a brownish color. In particular, when the pH turns to 

alkaline, the flavonoids assume an even darker color that tends to black for highly concentrated 

solutions (Fig. 4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 Visible image of treated and untreated wood with different boric acid concentration 

From Fig. 5, it could distinctly assert wood colour change after the treatment of tannin formulation 

according the L*, a*, b* data. The treated samples showed significant differences in the L*, a* and 

b* values compared to the untreated samples. A low value of L* corresponds to dark color, and the 

trend of L* parameter shows a strong decrease after treatment. The a* values increased after 

treatment during which the colour of the samples shifted to reddish. The b* values of the treated 

samples comparing the untreated samples decreased after treatment during which the colour of the 

treated samples shifted to a blue tone. 
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Fig. 5 Colour component (L*, a* and b*) behaviour of treated and untreated wood 

4.2 FT-IR spectrum 

The structure of the obtained tannin-boron-montmorillonite compound and 

tannin-boron-ε-caprolactam compound was confirmed by FT-IR spectroscopy. All the spectra are 

identical and a representative spectrum is given in Fig. 6-10. 

In the spectrum of OMMT (Fig. 6), the main characteristic peaks of MMT almost remain unchanged, 

but the bands at 2920 and 2850 cm−1 were attributed to C-H stretching vibration of alkyl chain, while 

bands at 1390 and 1480 cm−1 were due to C-H bending vibration of alkyl chain (Vazquez et al. 

2008). These results indicated that the hexadecyl trimethyl ammonium bromide were successfully 

intercalated into MMT layers and/or adsorbed on the surface of MMT. It can also be drawn that there 

were not chemical bonds between MMT and CTAB, while physical bonds existed (Yu et al. 2010). 

 

Fig. 6 FTIR spectra of MMT and OMMT 
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Fig. 7 FTIR spectra of wood treated with different tannin-montmorillonite- 

boron formulation: beech (left), pine (right) 

The FTIR diference spectrum is generated by subtracting the tannin-impregnated spectrum from the 

treated wood spectrum(Fig. 7). The Si-O-Si and Si-O-Al vibrating adsorptions near 1042 and 757 

cm-1 indicate that there is inorganic montmorillonite in treated wood. However, the orgnic signs 

disapear. 

Tannin-boron-ε-caprolactam polymers in different pH value and with/without boric acid or sodium 

hydrate are characterized by FTIR in Fig. 8-9. 

 

Fig. 8 FTIR spectra of polymer about ε-caprolactam and hexamine in different condition 

Treated wood with tannin-boron-ε-caprolactam formulations are characterized by FTIR in Fig. 10. It 

indicate that there is no bond between wood and this advanced tannin formulation. 
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Fig. 9 FTIR spectra of tannin-boron-ε-caprolactam polymer in different alkaline environment 

 

Fig. 9 FTIR spectra of wood treated with different tannin-boronε- 

caprolactam formulation: beech (left), pine (right) 

4.3 Dimensional stability and water absorption 

DS and WA results of the treated wood samples are listed in Table 3. WA values of the control 

groups showed an increase to 164%(pine) and 107%(beech) after 4 weeks of exposure in water. The 

studied tannin-montmorillonite-boron formulation showed significantly lower WA results than the 

control group. Dimensional swelling of control and treated samples showed highest values. 

4.4 Mechnical and surface properties 

4.4.1 Compression tests 

Figure 1 represents the strength performance in compression resistance when 

tannin-montmorillonite-boron solutions were used to impregnate. The most immediate result is that 
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an improvement in compression resistance occurs for this formulation applied and for every wood 

species treated. 

Table 3 Dimensional swelling (DS) and water absorption (WA Results of the Impregnated 

tannin-montmorillonite-boron formulation 

Wood Species Pine Beech 

Time of exposure in 

water 
6 hours 4 weeks 6 hours 4 weeks 

WA(%) 
Treat 69.53 124.37 16.18 90.03 

Control 74.93 163.84 52.72 107.21 

Tangential 

direction (%) 

Treat    8.03 9.00 3.04 13.80 

Control 8.02     8.47 10.95    13.94 

Radial 

direction (%) 

Treat 5.35 5.70 2.06 6.21 

Control 4.99 5.06 5.05 5.58 

Longitudinal 

direction (%) 

Treat 0.30 0.45 0.18 0.29 

Control 1.98 2.36 0.60 0.81 
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Fig. 10 Results of compression tests about tannin-montmorillonite-boron formulation, left: 

compression strength, right: max compression 

4.4.2 Three point bending tests 

Three point bending test results are reported in Table 4. Also in this case it can be observed that 

tannin-boron-ε-caprolactam impregnation always affects modulus of elasticity and modulus of 

rupture of the specimens, but no accordant variance can be found. The impregnation of the samples 

for the bending tests was not perfect. 

4.4.3 Hardness tests 

Hardness was studied according to the Brinell method and the results are reported in Fig. 11. It is 

inferred that the treatment of wood with tannin-montmorillonite-boron solution gives the expected 

results. 
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Table 4 Results of bending test about the tannin-boron-ε-caprolactam formulations 

 0% 1% 1.5% 2% 2%(No NaOH) 2.5% 3% Control 

Modulus of elasticity (MPa) 

Beech 10242 11516 9782 10951 13592 12673 14158 12604 

ScotsPine 10239 11850 10783 12475 11361 12822 10431 11564 

---- Modulus of rupture (MPa) 

Beech 139.93 150.35 142.44 143.05 173.18 181.18 207.26 136.65 

ScotsPine 108.19 113.78 96.78 127.80 122.65 140.00 122.32 110.52 

Note: (1) Percentage represents the boric acid concentration. (2) F----Tannin-boron-ε-caprolactam 

formulations, S----Wood species. 
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Fig. 11 Results of hardness tests about tannin-montmorillonite-boron formulation, left: hardness, 

right: max compressing depth 

4.4.4 Gluing tests 

The results of the shearing tests related to treated wood with tannin-montmorillonite-boron 

formulation are shown in Table 5. In the large majority of tests there was a significant percentage of 

wood failur. In the case of treated beech wood, the shearing resistance tests showed that the treated 

surfaces completely exposure (Fig. 12). 

Table 5 Gluing properties of tannin-treated surfaces 

Wood species Treatment Wood failure (%) Shearing resistance (MPa) 

Pine 
Treated 100 10.66 

Contol 100 10.81 

Beech 
Treated 0 13.52 

Contol 100 14.60 

4.5 Fire-resistant properties 

The simplified lab-scale tests were conducted to gain a comparative analysis of fire resistant 

properties. Two types of simulation tests were considered: short- and long-time exposure tests. 

4.5.1 Short-time exposure tests 

Ignition, flame and ember time represent a good evaluation of the ignition process (Tables 6 and 7). 

F 
S 



 

12 

 
 

 

 

Fig. 12 Visble photos after gluing samples broken 

An analysis of these tables shows that the effect of tannin increases the fire resistance of the samples. 

Furthermore, in the case of pine with tannin-boron-ε-caprolactam preservatives, the fireproofing 

properties don’t decrease even if being subjected to the deteriorated condictions. 

tannin-montmorillonite-boron formulation shows also satisfied behavior against fire (Table 5). The 

fire-retardant effect of tannin-montmorillonite-boron is also evident for this wood species: the flame 

time significantly decreases. 

Table 6 Short-exposure fire tests for Scots pine with tannin-boron-ε-caprolactam preservatives 

Treatment Ignition time (s) Flame time (s) Ember time (min) 

Contol 8.60 192.00 4.90 

Impreganation 12.75 185.00 3.88 

EN113 13.33 179.00 4.03 

ENV1250-2+ EN113 12.33 180.00 4.20 

EN84+ EN113 13.00 178.33 4.22 

EN117 13.33 178.33 3.83 

ENV1250-2+ EN117 12.67 180.00 4.06 

EN84+ EN117 12.67 178.33 4.03 

Table 7 Short-exposure fire tests for wood with tannin-montmorillonite-boron preservatives 

Wood species Treatment Ignition time (s) Flame time (s) Ember time (min) 

Pine 
Treated 16.33 42.67 2.50 

Contol 8.60 192.00 4.90 

Beech 
Treated 16.67 92.00 2.44 

Contol 12.40 293.00 8.99 

4.5.1 Long-time exposure tests 

Longer fire exposure proves the presence of inorganic compounds (montmorillonite) in the 

preservation resin to reach a sensible fire-proofing degree. The weight loss for wood samples is 

shown in Fig. 13. The constant monitoring of these long-term exposure tests produces curves with 

the same tendency. During the initial time there is a high loss of weight, then the carbonized part 

protects the core wood from fire and consequently, the weight loss occurs much more slowly. 
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Fig. 13 Long fire exposure tests: weight loss of wood samples treated with 

tannin-montmorillonite-boron formulations 

5. Future collaboration with host institution 

The exchange of literature, knowledge, and research experience has been performed during STSM or 

afterwards is going to be kept. The FTIR characterization that were investigated during the STSM 

will help us to understand better the modified tannin formulation, and some performances of 

specimens treated with advance tannin-boron formulation have proved. It is envisioned that in the 

future more and more ideas of advance tannin will be explored after STSM. Most importantly, the 

different completely natural formulations will be further envisaged and each formulation should be  

long-term, heavy-duty and low-environmental impact.  

Next step, some activities were decided on: (1) collaboration through publications on international 

journals; (b) collaboration through research projects of tannin-boron formulation; (c) collaboration 

through specific STSMs actions to be investigated further. 

6. Foreseen publications/articles to result from the STSM 

We are planning to prepare a joint publication on the basis of the gathered results, then 1-2 articles in 

scientific journals will be issued. The results obtained during STSM will also be presented in the 

future meetings within COST Action FP1006.  

7. Confirmation by the host institution of the successful execution of the STSM 

The confirmation is in a separate file. 

8. Other comments 

As a matter of conclusion, all jobs in this one month in Salzburg University of Applied Sciences 

probe some question about advance tannin-boron formulations: 

- Impregnated into the wood (retention, colour, …) ;  

- Characterized in terms of chemistry (polymerization/copolymerization, mechanisms involved …);  

- Tested for its ability of dimensional stability, surface properties, mechanics and fireproofing after 

treatment. 
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I believe that the treatments with flavonoids cross-linked inside the wood cells, is an extremely 

interesting opportunity to bring new function to the wood surface.  

In particular, these flavonoids are rich in aromatic and hydroxyl groups. These chemical functions 

can be exploited for fixing new tailored atoms or molecule on the wood surface, and it prompt to 

improve wood functions by some additives. 
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