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Abstract 

The main limiting factor for the use of solid wood lies in its highly hydrophilic character 

which is associated with the loss of its properties after moisture uptake. Therefore for limiting 

the negative impact of moisture in wooden structures, numerous research have been carried 

out in order to (i) protect the surface of wood by the addition of varied varnish or protections 

or to (ii) modify the wooden surfaces structure by the mean of different technologies such as 

thermal treatments.  

The former present the disadvantage to protect the wood surfaces for a limited period of time 

while the later present the disadvantage to reduce the mechanical properties. 

Investigate how to reduce the hydrophilic character of wood without reducing physical 

and/mechanical properties.  

We use dynamic fluorination using F2 gas applied to wood samples (Douglas and silver fir) 

for reducing the hydrophilic character 

The covalent grafting of fluorine atoms on a wood surface was highlighted by Fourier-

Transform infrared spectroscopy and 19F solid state Nuclear Magnetic Resonance. The wood 

samples acquire a hydrophobic character comparable to that of Polytetrafluoroethylene, 

thanks to fluorination. The high durability of this treatment was also determined by aging tests 

under ambient atmosphere and UV irradiation. Moreover, this treatment gives a surface with a 

hydrophobic character without major structural (morphology, density and colour) and 

mechanical modifications.  

© 2019 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/

Version of Record: https://www.sciencedirect.com/science/article/pii/S0926669019301451
Manuscript_42b119645eb1ec6a2e4de53e9a690f21

http://www.elsevier.com/open-access/userlicense/1.0/
https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0926669019301451
https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S0926669019301451


Maintaining those properties after fluorination, a dried gas/solid treatment without the use of 

toxic solvents and high temperatures seems to show a remarkable advantage over other 

physical chemical wood treatments. 
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1 Introduction 

Wood is one of the main renewable material used for a huge number of end products such as 

pulp and paper, furniture, wooden frames, wooden panels etc. It is expected to be increasingly 

used in the emerging context of the bioeconomy, the new emerging challenge that aims at 

decouple the economic growth from the environmental degradations. 

However, wood is a hygroscopic material especially sensitive to ambient humidity and 

temperature. Swelling and shrinkage caused by water absorption and desorption lead to cracks 

and deformation in the wood volume (1, 2, 3).Reducing wood’s hydrophilic character has 

therefore been the subject of several studies and various treatments have been developed with 

this aim in mind, e.g. thermal treatment (4, 5), electric discharge (6, 7) or chemical treatment 

(8, 9, 10, 11, 12, 13, 14). Nevertheless, few of them are really appropriate at the industrial 

scale because of their toxicity, low yield or energy efficient aspects. 

In this study, an original treatment at ambient temperature without toxic solvent was applied 

on massive wood samples. 

Fluorination had already shown its efficiency on wood flour, in order to make it a good 

reinforcement in wood polymer composites; the gap between hydrophobicity of wood flour 

and the polymer matrix once reduced, the wood/polymer interface was improved (15, 16). 

Moreover this treatment was also applied on several natural fibres in a previous study with the 

aim of better understanding which wood component is most sensitive to F2 gas (17). This 

demonstrated that the presence of lignin was necessary to achieve efficient treatment, whereas 

cellulose tended to inhibit the natural fibre fluorination. The present work focuses on the 

fluorination of massive wood samples in order to reduce its hydrophilic character. Chemical 

composition modifications of the wood and the impact of treatment on its structural properties 

were observed and discussed. The main purpose of this study is to obtain a hydrophobic from 

a hydrophilic wood surface, using fluorination for outdoor use. For this reason, the 

treatment’s durability and UV irradiation were also investigated to verify the validity of this 

method and produce a material suitable for these applications. 



2Experimental 

 2.1 Fluorination 

Wood samples were treated under dynamic fluorination which consists in applying a constant 

reactant flow through an opened passivated nickel reactor (covered with NiF2). Unlike the 

previous study on natural fibres (17), the static fluorination, based on low-pressure 

fluorination in a closed reactor, was not the selected process for an easier scale-up to the 

industrial scale. Indeed, a continuous process, without a vacuum step in a reactor, is more 

appropriate for continuous treatment of large pieces. 

Before each fluorination, wood samples were dried under primary vacuum (10-3 mbar) for 1 h 

at 90°C to remove physisorbed molecules in the porosity. Simultaneously, the reactor was 

flushed for 1h with nitrogen gas in order to remove all traces of air and moisture. Samples 

were exposed to the reactive F2/N2 (1/2 volume ratio) gaseous flow at room temperature. The 

fluorination durations tested were 1 min, 5 min, 10 min, 20 min, 40 min, 1 h for each wood 

species. After the reaction, the fluorine flow was stopped and the reactor was flushed with N2 

for 1h. 

 

 2.2 Materials 

Silver fir and Douglas fir wood samples were selected in a French sawmill located in 

Auvergne. The logs processed by this sawmill come from plantations harvested in the sawmill 

proximity. The tested samples were selected randomly and their size reduced to 10 x 1 x 0.8 

cm in order to fit our experimental devices. 

 

 2.3 Spectroscopy analyses 

FTIR spectrometer NICOLET 5700 (Thermo Electron) was used to record IR spectra using 

ATR mode. One hundred scans with 4 cm-1 resolution were collected to acquire each 

spectrum between 4000 and 400 cm-1. 

 
19F NMR experiments were carried out with a Bruker Avance Spectrometer with a working 

frequency of 282.2 MHz. A Magic Angle Spinning (MAS) probe operating with 2.5 mm 

rotors was used allowing a 30 kHz spinning rate. For 19MAS spectra, a simple sequence was 

used with a single π/2 pulse duration of 4.0 µs. 19F chemical shifts were externally referenced 

to CF3COOH and then referenced to CFCl3 (δCF3COOH = -78.5 ppm vs δCFCl3). 

 

 



 2.4 Colorimetry 

The colorimetric measurement was performed with Color 45/0 Gloss Byk colorimeter. The 

color space of this model is based on L* (lightness), a* (X axis from green (-) to red (+)) and 

b* (Y axis from blue (-) to yellow (+)) coordinates. The difference between two colours 

denoted ∆E, representing the Euclidean distance between two colorimetric patches in the CIE 

L*a*b* space, was calculated as follows(18, 19): 

∆� =	��∆�∗	
 +	�∆�∗	
 +	�∆∗	² 
For each sample, the colorimetric coordinates were measured four times and averaged. 

 

 2.5 Morphology characterization 

Scanning Electron Microscopy (SEM) allowed the sample morphology investigation to 

evaluate the potential surface damage due to fluorination. The energy of electron beams was 

fixed at 15.0 kV and the working distance was over a 20 mm range. 

 

Densitometry measurements were performed by X-ray micro densitometry equipment. The 

equipment was composed of an electric generator (Inel XRG3000), a X-ray tube (Siemens 

FK60-04 Mo, 60 kV, 2.0 kW) and a Kodak film negative Industrex type M100(20). 

 

 2.6 Mechanical characterization 

The tensile and the flexural tests were performed on an Instron 5543 test machine equipped 

with a 500 N load cell at room temperature (about 24°C) and at fixed relative humidity (at 

50%). The prescribed crosshead displacement rate was fixed at 1 mm/min. 

Tensile tests were performed with an extensometer over 25 mm length (distance between 

extensometer blade) and with a manual clamping jaw. Flexural tests were performed by 3-

point bending with a 50 mm gap between backings. 

For each measurement, a large sample (10 x 2 x 0.8 cm) was sawed lengthwise to obtain two 

narrow samples (10 x 1 x 0.8 cm). One was mechanically tested without treatment as a 

reference and the other one after fluorination. This preparation allowed us to obtain two 

samples with the same morphologic profile in particular with the same growth rings. Each 

mechanical value was the average of six mechanical tests. 

 

 

 



 2.7Hygroscopic characterization 

To evaluate the hydrophilic/hydrophobic character, water contact angle measurements were 

performed thanks to Attension Theta LiteOptical Tensimeter with an imaging camera. A 

water drop was deposited on the surface of the massive wood sample. A picture was recorded 

when the water drop was stabilized on the surface. Contact angles were calculated as the 

average of five measurements taken at different locations on the sample surface. 

 

The water sorption was investigated with an IGA sorp DVS (Dynamic Vapor Sorption) 

apparatus. This method, increasingly used on wood samples (21, 22, 23, 24), allowed us to 

follow the water intake at fixed temperatures and relative humidity. In this study, DVS 

measurements were operated at 30°C with a relative humidity of 30% and 60%. For this 

method, the sample was narrow lamella from the surface obtained by fine cutting with a 

scalpel. The sample thickness was between 1-2 mm for a length between 50 and 100 mm. 

The water diffusion coefficient D was calculated as follow, based on Fisk Second Law and 

Crank approximation for short experimental time (25): 

���� =	 4√�����
 

with Mt, the sample mass at t time 

 M∞, the sample mass at hygroscopic equilibrium 

 e, the sample thickness 

 

 2.8 UV light ageing 

Massive wood samples were irradiated in a SEPAP 12.24 unit in the presence of air at 60°C. 

UV-light irradiation was carried out under polychromatic light with wavelengths higher than 

300 nm (a borosilicate envelope of lamp filter wavelengths below 300 nm). Samples were 

placed on a rotating carousel positioned in the centre of four medium pressure 400W mercury 

lamps. 

 

3 Results and Discussion 

 3.1 Covalent grafting of F atoms 

The FT-IR spectra of the wood samples before and after fluorination are shown in Figure 1. 

Samples are classified according to their fluorination duration. Table 1 gives the assignments 

of the main vibration bands (17, 26, 27, 28, 29, 30). 



Table 1.Assignment of bands in the infrared spectra of wood samples 

Assignment Band position (cm-1) 
  

-OH hydroxyl groups 3320 
C-H stretching 2900 
C=O stretching vibration of carbonyl 1730 
C=O stretch in conjugated ketone 1660 
O-H stretch of water absorbed 1640 
C(sp2)=C(sp2) stretch in aromatic skeleton 1600 
C=C stretch in aromatic skeleton 1510 
CH2 deformation stretching (lignin &xylan) 1460 
aromatic skeletal vibration, C-H in plane deformation 1430 
C-H deformation 1370 
CH2 wagging 1320 
Guaiacyl ring, C=O stretch 1260 
-OH in plan bending 1240 
C-O-C stretching 1230 
C-O-C stretching 1205 
C-O-C stretching 1160 
C-O-C stretching 1125 
C-O stretching, C-C stretching 1110 
C-O deformation in primary alcohol, C=O stretching 1060 
C-O ester stretching vibration 1030 
C-H deformation 900 

  

 

Whatever the species, wood fluorination results in the appearance of carbon-fluorine bonds, 

proved by the vibration bands at 1080, 1160, 1200 and 1280 cm-1 (dash line on Figure 1) on 

FT-IR spectra. It is to be noted that the intensities and positions of CFx vibration bands (x = 1, 

2 or 3) were obtained by a careful fit of the spectra and comparison with the spectrum fit of 

the pristine samples; an example of the fit is shown in supplementary information (Figure 

SI1). The fit method validity is underlined by the similar results obtained with the “difference 

of spectrum” method (Figure SI 2). This phenomenon is combined with a significant decrease 

in the hydroxyl group contribution (around 3320 cm-1). Therefore the wood fluorination 

consists in the substitution of –OH groups by fluorine atoms. FT-IR spectra highlight that this 

substitution increases in line with the fluorination duration for both wood species. 

 

Furthermore, hydroxyl groups favour water absorption in wood because of their strong 

interaction with water molecules by hydrogen bonding, whereas fluorinated surfaces are 

known for their hydrophobic, even superhydrophobic character (15, 17, 31, 32). The 

substitution mentioned above suggests lower interaction between wood and water after 

fluorination. 



 
Fig.1. FT-IR spectra of untreated and fluorinated silver fir (a) and Douglas (b) samples 

 
19F NMR measurements (Figure 2) have been used to confirm the covalent grafting of 

fluorine atoms and to identify different fluorinated groups (CF3, CF2 and CHF) present on the 

treated wood surface. Lines with chemical shifts at -185 and -215 ppm vs. CFCl3evidence the 

presence of CHF groups, while lines at -120, -130 and -150 ppm are attributed to CF2 bonds. 

Different chemical shifts result from different environments, i.e. more or less fluorinated. 

CF3groups are related to bands at -70 and -80 ppm (33). The identification of these fluorinated 

groups CF3, CF2 and CHF by NMR analysis confirms the covalent grafting of fluorine atoms 

shown by the IR spectroscopy. 

NMR spectrum noise decreases with the fluorination time for the two wood species for 

similar recording parameters (received gain, pulse number, sample weight), thus the 

fluorinated groups quantity on the wood surface increases with the fluorination duration. 

Moreover, the relative quantity of CF3 groups increases with the treatment time. These groups 

were formed via the breaking of C-C chemical bonds indicating chain disruptions, i.e. 

material deterioration. Therefore, uncontrolled fluorination may lead to material deterioration 

serious enough to degrade the wood’s properties (hygrometric, mechanical, morphology…). 



 
Fig.2.19F NMR MAS (30 kHz) spectra of fluorinated silver fir (a) and Douglas (b) 

Table 2 reports the colorimetric representation of CIE L*a*b* of silver fir and Douglas 

samples before and after fluorination. These colorimetric representations underline the 

tendency of the treatment to brown the wood. An increase in fluorination time accentuates this 

browning. This colour change can be considered as a quick qualitative method to estimate the 

fluorination rate on wood. 

 

Moreover∆E values between the colours of the samples before and after fluorination have 

been calculated. In the silver case, the ∆E values are perceptible to the human eye, even after 

1 min treatment, because they are higher than the reference value (∆E ≥ 3). However, in the 

Douglas case, the colour difference is notable after a longer fluorination (beyond 20 

min).Furthermore, the previous study on natural fibre fluorination demonstrates the higher 

reactivity of silver fir towards fluorination (17). Therefore, this difference in sample colours 

can be explained by this reactivity difference between the two species; it may be noted that 

Douglas exhibits darker colour and changes are more difficult to observe than in Silver fir 

case. Despite ∆E variations of the same range, colorimetric patches in Table 2 underline a 

more distinct colour variation in Silver fir case. 



Table 2.Colorimetric patches of wood samples before and after fluorination 

Sample 
Silver fir Douglas 

Colour ∆E Colour ∆E 
      

Untreated  -  - 

Fluorinated 

1 min  5.83  0.67 

5 min  6.50  1.62 

10 min  9.73  2.65 

20 min  12.69  6.54 

40 min  12.89  14.52 

60 min  17.29  14.40 
      

 

 

  3.2 Towards permanent hydrophobic character 

To estimate the interaction between samples and water molecules, the contact angle between a 

water drop and the wood surface has been measured. A low contact angle (θc < 90°) means 

strong interaction and therefore a hydrophilic character, whereas a higher angle (θc > 90°) 

reveals a hydrophobic character. Tables 3 and 4 summarize the contact angles as well as the 

adsorption time of a water drop onto a wood sample before and after fluorination. 

 

 

Table 3.Contact angle and adsorption time of a water drop on the wood surface 

Sample 
Silver fir Douglas 

Contact angle 
Water drop 

adsorption time 
Contact angle 

Water drop 
adsorption time 

      

Untreated 65° 11 min 97° 20 min 

F
lu

or
in

at
ed

 

1 min 120° 45 min 115° 45 min 

5 min 118° 45 min 113° 50 min 

10 min 111° 35 min 111° 50 min 

20 min 111° 18 min 110° 25 min 

40 min 81° 5 s 109° 15 min 

60 min 70° 10 s 83° 2 min 
      

 



The hydrophilic character of the untreated silver fir is revealed by the low water contact angle 

(65°). Moreover, its strong affinity with the water is confirmed by the fast water drop 

adsorption (11 min). These two values significantly increase after a few minutes of 

fluorination (below 20 min) and the silver fir acquires a hydrophobic character (110-115°). 

The very fast water drop adsorption time of wood fluorinated longer than 20 min underlines 

an important deterioration of silver fir that results in the loss of water barrier properties. This 

deterioration, induced by an excessive fluorination rate, was evidenced by the high relative 

content of CF3 groups underlining severe chain disruptions. 

 

The Douglas fluorination results in a similar contact angle and adsorption time of the water 

drop. However, contrary to silver fir, the Douglas sample exhibits an intrinsic hydrophobic 

character. Therefore, the difference between hygroscopic properties before and after 

fluorination is limited. Despite this difference, the impact of fluorination time on 

water/surface interaction is similar for the two species: the wood acquires hydrophobicity 

after a fluorination treatment thanks to the conversion of C-OH groups into C-F bonds. 

Following this analysis, the optimal fluorination time has been estimated according to the 

following criteria: 

 - The hydrophobic character obtained after fluorination. The optimal time is thus 

below 20 minutes based on the Table 3 values. 

 - The most favourable for the industrial scale. The treatment duration has to be as short 

as possible. 

 - The chemical composition homogeneity on the wood surface that was investigated 

by IR spectroscopy (cf. Figures SI 3 and SI 4 in Supporting Information). Indeed, a 1 min 

fluorination appears too short to allow fluorine diffusion overall the wood surface. According 

to the experimental parameters used, a chemical composition gradient was recorded: the 

region located near the gas inlet exhibits higher fluorinated groups than the opposite side. 

For these reasons, the optimal wood fluorination time has been estimated at five minutes for 

the two species. Table 4 shows photographs of a water drop on the wood surface before and 

after optimal fluorination at different times after the drop is deposited. The treatment’s impact 

on the water affinity of wood is obvious. 

 

 



Table 4. Contact angle of water drop on pristine and fluorinated (5 min at room temperature) wood 

Sample  Untreated 
Fluorinated 

5 min 
     

S
ilv

er
 fi

r 

2s after the water 
drop deposit 

 

  

15 min after the 
water drop deposit 

 

  
     

     
     

D
ou

gl
as

 

2s after the water 
drop deposit 

 

  

20 min after the 
water drop deposit 

 

  
     

 

To estimate the treatment’s durability, the time dependence of the hydrophobic behaviour of 

wood samples has been investigated regularly according to their fluorination. Figure 3 

displays the evolution of the contact angle between a water drop and the wood surface (silver 

fir and Douglas) fluorinated for 5 minutes. For both wood species, the contact angle between 

water and treated wood is still unchanged between 110 and 120° even 2 years after treatment. 

Moreover, Figure. 3 shows the evolution of a water drop adsorption time on a fluorinated 

wood surface. This adsorption time is always higher on treated wood (between 35 and 60 min 



in the silver fir case and between 45 and 90 min for the Douglas sample) than on the virgin 

sample (around 15 min for the two species). These measurements were carried out under 

ambient atmosphere, thus relative humidity and temperature variations may explain the 

difference between the adsorption times. Indeed, water evaporation competes for this 

recording time and is related to relative humidity and temperature.  

The hydrophobic character of fluorinated wood under an ambient atmosphere is stable even 2 

years after the treatment which suggests a relative degree of sustainability. 

 

 
Fig.3. Changes in the contact angle of a water drop on Silver fir (a) and Douglas (c);  water drop adsorption time 

onto silver fir (b) and Douglas (d) at ambient atmosphere in relation to ageing time 

 

The change in the water contact angle for samples irradiated under UV has also been 

measured. Figure 4 displays the difference between the contact angles before and after wood 

fluorination (denoted ∆angle) at different irradiation times. Colour lines were added as an eye 

guide. The horizontal dash line is the orthogonal projection for ∆angle equal to zero, i.e. no 

difference in comparison with the pristine wood and no gain in hydrophobicity. Firstly, the 

tendency curves plotted on Figure 4 are more or less parallel. This parallelism underlines the 

fact that hydrophobicity change under UV irradiation is the same for fluorinated and untreated 



wood. In other words, the wood’s photodegradation is not impacted (accelerated or slowed) 

by the fluorination. Secondly, tendency curves evidence that fluorination is more efficient for 

silver fir than for Douglas. This difference may be explained by the higher reactivity to 

F2ofsilver fir than of Douglas. The higher this reactivity, the higher the contact angle. The 

return to the original hydrophilic character (∆angle = 0) is thus longer for silver fir than for 

Douglas due to a higher ∆angle before UV irradiation (at exposure time = 0 hr). 

 

 
Fig.4.Evolution of contact angle between a water drop and wood samples under UV irradiation 

 

The fluorination impact on the colour change under UV irradiation has also been estimated. 

Table 5 summarizes the colour of virgin and fluorinated woods before and after UV 

irradiation (for 600hrs).Such long UV irradiation implies an important browning of wood 

samples as revealed by the high ∆E value 25.31 and 17.6. For the Douglas case, ∆E is lower 

than in the silver fir case. This difference can be explained by the silver fir’s lighter colour. 

Furthermore,∆E values between irradiated and non-irradiated wood are similar (silver fir) or 

close (Douglas) underlining the fact that fluorination does not act on the wood colour change 

under UV irradiation. 

 



Table 5.Colorimetric patches of virgin and fluorinated wood samples after UV irradiation 

Sample 
UV 

irradiation 

Silver fir Douglas 

Colour ∆E Colour ∆E 
      

Untreated 
0 hr  25.31  17.69 

600 hrs   
      

      
      

Dynamic 
fluorination 

0 hr  25.72  13.55 
600 hrs   

      

To support the fact that wood fluorination leads to a hydrophobic wood surface, water 

sorption measurements have been performed. Figure 5 shows the DVS profiles of wood 

samples at fixed relative humidity (RH = 30 and 60%) at 30°C.Theseanalyses reveal that 

water adsorption of fluorinated wood is lower after the fluorination for the two RH. The 

moisture content at the hygroscopic equilibrium is decreased thanks to the fluorination 

whatever the wood species used. A 20% decrease is observed for silver fir and Douglas, 

respectively at RH of 60%. The higher the RH, the higher the percentage decreases after 

fluorination. 

 
Fig.5. Dynamic Vapour Sorption of untreated (black lines) and fluorinated (blue lines) wood at fixed relative 

humidity (30% and 60%) and temperature (30°C) 

 



Table 6 displays the water diffusion coefficient values of the two wood species at fixed 

relative humidity (RH = 30 and 60 %). These values reveal a faster water absorption in 

fluorinated wood case than in virgin material one. Therefore, the fluorinated wood reaches 

faster its hygroscopic and its equilibrium moisture content (EMC). 

Indeed, on one side the EMC reduction after fluorination is certainly due to the diminution of 

available absorption sites of massive wood. On the other hand, the kinetic increase of water 

absorption can be explained by the presence of microscopic diffusion pipes which may create 

during the fluorination. Water may migrate easily into these pipes thanks to the fluorine atoms 

precense. 

 

Table 6.Water diffusion coefficient of virgin and fluorinated wood (m².s-1) 
Sample 

 
RH 

Silverfir Douglas 

Raw 
Fluorinated 
(5 min, RT) 

Raw 
Fluorinated 
(5 min RT) 

     

30% 1,87.10-10 5,32.10-10 3,66.10-10 4,43.10-10 

60% 2,19.10-9 2,22.10-9 1,15.10-9 2,06.10-9 
     

 

The fluorination of wood allows a durable hydrophobic character under ambient atmosphere 

to be obtained. This treatment does not accelerate or slow the wood’s photodegradation 

(taking into account hydrophobicity and colorimetric data) and appears efficient at several 

relative humidities in decreasing the water adsorption. Nevertheless, to be fully effective, 

fluorination must not generate too much mechanical and structural damage. Therefore, these 

properties have also been investigated after fluorination. 

 

 3.3 Withwood structural conservation 

  3.3.1 Morphology and density 

The superficial structure of wood has been checked by SEM (Figure 6). The fluorine atoms 

grafted onto the wood surface do not lead to major changes for short fluorination durations. 

However, a 20 min treatment implies the initiation of surface deterioration that is revealed by 

some strongly deteriorated tracheid. This fluorination duration corresponds to a deterioration 

in the wood’s water barrier properties. This surface damage and the resulting decrease in the 

hydrophobic character may be explained by chain disruptions(C-C bonds rupture) highlighted 

by CF3 group presence on the NMR spectra. Longer fluorinations induce increasing damage 



on wood structures and consequently, both low contact angles and faster water drop 

adsorption. 

 
Fig. 6. Scanning electron micrographs of pristine and fluorinated wood 

 

To evaluate the fluorination impact on the wood volume, densitometry measurements have 

been performed on silver fir before and after treatment. Figure 7 presents the intraring wood 

density profiles of samples fluorinated for 5 and 20 min. A density peak corresponds to late 

wood rings (denser rings) and the lower density reveals early wood rings (less dense) 

presence. The density profiles of pristine and fluorinated wood overlap whatever the treatment 

duration. Such data unambiguously show that reaction with F2 gas in the prescribed 

conditions is a surface treatment in accordance with SEM images. 

 



 
Fig.7.Density profile of virgin silver fir (black line) and silver fir fluorinated for 5 min (a –dash blue line) and 20 

min (b –dash blue line) 

 

 

  3.3.2 Mechanical properties 

Maintaining the mechanical properties is one of the objectives of the present work contrary to 

thermal treatments which are known for their mechanically detrimental effect (5). Tensile and 

flexural properties are given in Table 7.Thetensile modulus of elasticity and the strength are 

similar before and after the wood treatment taking into account standard deviation 

measurement. The notable difference between the tensile modulus of elasticity for untreated 

and fluorinated silver fir is mainly due to the samples’ wide disparity. The high accuracy 



(more than 200 MPa) underlines this disparity. As for the tensile tests, the flexural property 

values before and after fluorination are similar for all wood species. 

 

The similitude between pristine and treated samples demonstrates that the fluorination does 

not necessarily lead to a loss of mechanical properties in the wood. More specifically, the 

modulus of elasticity conservation proves that wood samples have not been subject to 

volumetric mechanical damage, while similar strength confirms that the mechanical surface 

properties, (e.g. no crack appears on the surface) have been maintained. 

 

Table 7. Tensile and flexural properties of untreated and fluorinated wood 

Sample 
Silver fir Douglas 

Untreated 
Fluorinated 
5 min at RT 

Untreated 
Fluorinated 
5 min at RT 

     

T
en

si
le

 Modulus of 
elasticity (MPa) 699±276 599±214 348 ± 66 381 ± 129 

Strength (MPa) 3.5 ± 0.9 3.6 ± 0.5 3.4 ± 0.4 3.5 ± 0.6 
      

      
      

F
le

xu
ra

l Modulus of 
elasticity (MPa) 332 ± 106 342 ± 94 338 ± 46 328 ± 38 

Strength (MPa) 6.2 ± 1.0 6.6 ± 1.0 8.8 ± 1.3 8.4 ± 1.1 
     

 

 

4 Conclusion 

Fluorination, a surface treatment based on a heterogeneous gas/solid reaction was applied to 

massive wood to sustainably increase its hydrophobicity. Firstly, the wood fluorination results 

in the substitution of –OH groups by covalent fluorine atoms as proved by FTIR and 19F 

NMR spectroscopies. Such chemical composition changes were accompanied by wood 

browning; the higher the fluorination duration, the higher the chemical conversion on the 

surface and the samples appear to brown significantly. 

The treated wood exhibited a lower affinity for water. Indeed, the water contact angles were 

higher after a short fluorination time (lower than 20 min). The water drop adsorption into 

treated wood was also slowed down in comparison with the pristine sample. The DVS 

analysis confirmed the hydrophobic character and lower absorption efficiency towards water 

vapour. Moreover, the fluorinated layer durability was evaluated under ambient atmosphere 

and UV irradiation. The fluorinated woods exhibit a hydrophobic character even two years 

after its treatment when stored under ambient atmosphere. In addition, the treatment did not 



have a measurable impact on the wood’s photodegradation. The latter point was supported by 

the similar ∆E values between fluorinated and pristine woods after long term UV irradiation. 

SEM underlined the integrity of the wood’s superficial structure for short term treatment 

(lower than 20 minutes). For longer treatments, increasingly, wood cell degradation was 

observed. The surface location of the fluorinated layer is evidenced by the wood density 

profiles that were not impacted by optimal treatment (5 min fluorination) and the mechanical 

properties were also preserved. Therefore, a short fluorination (around 5 min) led to a durable 

hydrophobic character by fluorine covalent grafting to be reached for two wood species, silver 

fir and Douglas, with no significant structural modifications.  
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