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Abstract 

Weathering of wood is a complex natural phenomenon that is influenced by factors both in macro- 

and micro-scale. The degradation by weathering constitutes of complex physical-chemical changes 

influenced by environmental factors such as moisture, sunlight, temperature, chemical compounds, 

wind, and biological organisms and their related agents. The aim of our study was the evaluation 

of MIR and NIR spectroscopic technique for characterisation of wood treated by commercial 

coatings contained different biocidal treatments after weathering in subarctic conditions. 

Tangential and radial surfaces of the Scots pine and Norway spruce were treated with coatings 

containing various biocides. Treatment was in the form of fairly transparent wood oil (T), while 

the two others were coatings that had more of a non-transparent character (H and P). Treated 

specimens and control were placed in various directions on racks outdoor for natural weathering.  

The measurement of the NIR spectra of specimens that were not exposed, after weathering and 

dried after weathering, was done by the point-based microNIR portable sensor. Multivariate 

statistical analysis (MSA) showed that data from types of exposure contributed less compared to 

surface treatments in the 3D principal component analysis model (PCA). Grouping pattern around 

treatments H and P could be obtained as the two individual groups more or less fully separated. 

From the treatment T and non-treated specimens, no individual grouping behaviour could be 

observed, however, more intense exposed seemed to be clustered in a different way than mildly 

exposed ones. A more extensive weather exposure gave also a more degraded surface for T-treated 

specimens. The NIR portable spectrometer may be used for assessment of the extent of weathering, 

but the treatment P followed by treatment H had minimal changes. Coefficients Plot in the PLS-

DA model for different types of exposure for those treatments showed the influence of the NIR 

wavelengths in classes related to exposure type. The changes caused by weathering phenomenon 

was evaluated by using multivariate methods in which resulting multivariate model parameters for 

prediction of the changes were determined. Analysis of the chemical structure of coatings after 

weathering analysed by mid-infrared spectroscopy gave support to the lower stability of T-

treatment during weathering.  

 

 

 

Keywords: wood, treatment, natural weathering, infrared, near-infrared, spectroscopy 

 

INTRODUCTION 

 

The measurement by electromagnetic radiation such as mid-infrared (MIR) and near-infrared 

spectroscopy (NIR) is non-destructive analytical techniques providing an individual chemical 

fingerprint of the sample. The non-destructive nature of the technique made it quite popular in 
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material science and widely applied to the wood (Sandak, Sandak, and Meder 2016). Industrial 

digitalisation and movement towards the Industry 4.0 revolution opened new applications to 

spectroscopic techniques in environmental chemistry. However, the semi-quantitative approach 

and heterogeneity of wooden material limit its application in the material involved in 

environmental analysis such as weathering. Weathering of wood is a complex, natural 

phenomenon that is influenced by factors both in macro- and micro-scale. The surface degradation 

by weathering evolves complex physical-chemical-biological changes caused by environmental 

factors such as moisture, sunlight, temperature, chemical compounds, wind, and biological 

organisms. 

Therefore, the aim of our study was the evaluation of field NIR spectroscopic technique for 

characterisation of wooden material treated by commercial coatings of three different types, in 

outdoor applications in subarctic conditions.  

 

MATERIAL AND METHODS 

Kiln-dried Scots pine sapwood boards were cut into specimens with a dimension of 15x12x2 cm 

(TxWxL). Kiln-dried Norway spruce boards were cut to specimens with a dimension of 15x8x1.5 

cm. The end-grain surfaces of each specimen were sealed with a SikaFlex, Switzerland. The total 

non-sealed surface area of the specimens was 420 cm2 and 300 cm2 for Scots pine and Norway 

spruce, respectively. Three surface treatments with different biocidal composition and an uncoated 

control group were evaluated, and variables in the experimental design of the current study 

presented in Table 1. 

 

Table 1. Experimental design. 

Variables Code Description of Variables No. of replicates 

Treatment H 

 

Waterborne Pigmented Primer with two 

biocides and alkyd binder 

18 

T Waterborne wood oil with a single biocide 18 

P Waterborne paint for indoor use with four 

biocides and acrylate binder 

18 

C No treatment 18 

Wood specie  Scots pine 36 

 Norway spruce 36 

Angle of 

exposure 

 0 24 

 45 (south) 24 

 90 (north) 

No exposed 

24 

20 

Type of 

exposure 

 No exposed/After exposure for 115/Dried 

after exposure for 115 days 

20/72/72 

 

The amount of applied treatment coating on each specimen was 100±10 g/m2. The specimens were 

placed on the exposure site (in Skellefteå latitude: 64.744453, longitude: 20.955569) at June 5th, 

and removed September 27th with a total exposure time 115 days. The specimens were inclined to 

the south with an angle of 45˚, and to the north by an inclination angle of 90˚ against  the horizontal 

plane as well as in the horizontal position. 

The moisture content of the specimens before and after outdoor exposure was measured 

gravimetrically by heating in an oven at 103˚C until constant weight.  
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The NIR spectra were collected by portable microNIR OnSite Spectrometer (VIAVI Solutions 

Inc., San Jose, CA, USA) with NIR wavelengths from 908 to 1676 nm with step 6 nm, every week 

during the observation period. NIR spectral data collected in five replicates and dataset contained 

1166 observations in total used for the prediction model. The analysis was performed using 

variables Treatment, Wood Specie, Day and Angel of Exposure. The FTIR spectra in the MIR range 

4000-400 cm-1 were collected from dried specimens (MC in Table 2) isolated by scraping surface 

material from the treated wood after weathering of specimens in ATR mode and transformed to 

the absorbance mode by FT-IR Frontier Spectrometer, PerkinElmer. The comparison of unexposed 

treatment and treatments at different directions of exposure was made for chemical changes 

detection. Data analysis was performed with MS Excel 2016, IBM SPSS, USA and SIMCA14, 

Umetrics AB, Sweden (Eriksson et al. 2013).  

 

RESULTS AND DISCUSSION. 

In Figure 1, the multivariate modelling of the NIR spectra of the grouping of all specimens in the 

study is presented. This is shown as a three-dimensional plot of principal component analysis 

(PCA). In this way clear grouping pattern by treatments that are coloured differently could be seen: 

treatment with P-product (red) and H-products (blue) dots where separated quite well from the 

other groups whereas untreated (yellow) and treated with T-treated (green) were mixed (Figure 

1a). 

 

  

  
a)  b) 
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c) d) 

 
Figure 1. The 3D PCA model of NIR spectra overview with legends coloured by: a) coating 

treatment, b) type of exposure, c) wood species, d) angle of exposure (0 – non exposure 

specimens) 

 

Already in the non-exposed specimens (red dots in Figure 1b), such separation between treatment 

H and P was seen whereas for T-treatment mixing with uncoated specimens were obvious. Also, 

after the weathering exposure, such separation of specimens related to the various treatments could 

be observed (green dots in Figure 1b). Furthermore, the weathered specimens in treatment H and 

P (green dots in Figure 1b) were clustered at somewhat different position in the plot than the 

corresponding non-exposed specimens (red dots in Figure 1b). Moisture is a frequent contributor 

in NIR spectra, and H- and P-dried weathered specimens (green dots in Figure 1b) were also 

clustered at somewhat different positions than the dried weathered specimens (blue dots in Figure 

1b). This indicated that also, other factors than moisture contributes to the separations of groups 

in the PCA-plot as the treatment itself played a dominant role in the separation in the multivariate 

plot of weathered specimens.  

From visual inspection, T treatment was found to be more vulnerable to weathering conditions 

than treatment H and especially treatment P (Table 2).  

 

Table 2. The final pictures of the treated Scots pine boards after 115 days of exposure before drying 

Angle H T P C 
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90 

    

180 

    

45 

    

 

Furthermore, moisture content in the specimens varied depending on the exposure position as 

shown in Table 3. In Figure 1d influence of exposure position on the modelled NIR-data is 

presented; specimens from T-treated and uncoated ones that were more exposed (180 degree) were 

clustered more or less at other position than the mildly exposed (90 degree), while a similar trend 

was more difficult to observe for H- and P-treatments. 

 

Table 3. Moisture content of weather exposed specimen 

Treatment Angle of 

Exposure 

Wood Specie 

Pine Spruce 

H 45 (south) 

0 

90 (north) 

16.77±0.16 

19.75±0.56 

16.38±1.25 

15.03±0.13 

17.70±0.02 

16.59±0.32 

T 45 (south) 

0 

90 (north) 

16.78±0.31 

17.75±0.34 

17.78±0.13 

17.04±0.46 

18.42±0.26 

16.54±0.75 

P 45 (south) 

0 

90 (north) 

16.84±0.48 

18.79±2.36 

17.20±1.06 

15.42±0.70 

18.81±0.11 

17.01±2.83 
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C 45 (south) 

0 

90 (north) 

15.99±0.13 

18.07±0.30 

16.75±0.36 

16.97±2.62 

18.32±0.15 

16.99±0.62 

 

Alkyd and acrylate binder were the dominant organic components in H- and P-coating treatment 

and biocides contributed only to low extent. Functional groups in these two binders also 

contributed to absorptions when analysing the surface materials using FTIR in which carbonyl 

absorptions at 1720 cm-1 was found to be fairly stable towards weathering, while changes in 

hydrocarbon absorptions were more difficult to evaluate. Preliminary data for T-treatment 

indicated changes in the carbonyl absorptions that might reflect its less stable appearance. Thus, 

the importance of degradation of coating in the clustering within each coating is still difficult to 

verify and needs further studies.   

 

Validation of multivariate models 

The PCA model of NIR spectra which provided the data for the presentations in Figure 1 gave a 

description of data (R2) 99.9% and prediction (Q2) 99.9% that is quite good for NIR spectra (Table 

4). The partial least squares regression (PLS) model with Y variables (Treatment, Wood Specie, 

Day, Angel of Exposure, Type of Exposure) contained 21 principal components and less prediction 

value (Q2 in Table 4) was used to find the best-modelled variable. The variable Type of Exposure 

contributed mostly to the models' performance compared to other variables after the diagnostic of 

the PLS model (data not shown here). Therefore, that variable (Type of Exposure) was used as a 

response in the PLS-DA model since that model provides maximum separation between such 

amounts of classes (Eriksson et al. 2013). The parameters of all models developed are described 

in Table 4. 

 

Table 4. The multivariate models' parameters 

№ Name Component Observations R2X(cum) R2Y(cum) Q2(cum) 

1 PCA 3 1166 0.999  0.999 

2 PLS 21 1166 1 0.799 0.788 

3 PLS-DA  8 1166 1 0.845 0.844 

 

The Coefficients plot in Figure 2, displays regression coefficients correlated to scaled and centred 

X-variables (NIR-spectra) from all specimens in class After exposure. As the model is based on all 

samples and their composition varies this means that correlations could not be related to a specific 

treatments structure. However, some general conclusions can be drawn. Negative and positive 

correlations were found indicating decreases and increases in presence of absorptions upon 

weathering exposure, respectively. The negative high coefficients at the beginning of the NIR 

spectra (lower wavelength) could be related to the VIS region and visible changes of colour on the 

surface (Schwanninger et al. 2011). Although moisture was found in the specimen (Table 3), 

typical strong water signal (around 1450 nm) have not been generated.  

The observation of Coefficients plot for all classes in the PLS-DA model showed the strongest 

correlation for wavelength around 1620 nm which may be related to C-H hydrocarbon chains 

possibly in alkene groups (Workman and Weyer 2012; 2008). Class Dried after exposure had the 

strongest positive correlation around wavelength 1403 nm that is close to absorptions originated 

from methyl C-H absorptions associated with branched aliphatic hydrocarbon (Workman and 

Weyer 2012; 2008). 
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Figure 2. The Coefficients plot of PLS-DA model from all specimens. 

 

The misclassification table in the PLS-DA model shows the proportion of correctly classified 

observations in the prediction set. The NIR spectra in different treatments could be predicted to 

the extent of around 80% in total, as presented in Table 4.  

 

Table 4. Misclassification table PLS-DA  

(green - correct prediction, yellow -misclassification) 

Variable Number Correct After 

exposure 

Dried 

after 

exposure 

No 

exposure 

No class 

(YPred≤) 

After exposure 599 100% 599 0 0 0 

Dried after exposure 367 95.91% 0 352 15 0 

Non exposure 200 100% 0 0 200 0 

No class 0  0 0 0 0 

Total 1166 98.71% 599 352 215 0 

 

The classes represented types of exposure regarding no exposure and after exposure could be 

predicted with 100%. When in dried after exposure type 15 specimens were misclassified. The 

explanation of such consequences could be due to the nature of the treatment P that was less 

degraded during exposure than other treatments-product and homogeneity of the weathered and 

the non-weathered wood 

 

CONCLUSION 

The evaluation of three commercial wood coating by spectroscopic techniques revealed that NIR 

spectra might be used for the detection of weathered or non-weathered specimens. From our data 

from NIR and MIR, the most variability in the model was probably from changes in hydrocarbons 

as well as carbonyl compounds related to the chemical composition of the treatment T. Despite 

complicated for interpretation spectra and step 6 nm in the portable microNIR spectrometer, the 

PLS-DA model gave almost 99% of the prediction. That indicates portable microNIR as a 

promising technique for the assessment of the weathered coated wood in outdoor exposure. 
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