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The effects of hydrothermal pre-treatment on the color of silver birch 
veneer were determined. Spectrophotometric and chemical analyses of 
the veneer by means of extraction were conducted to determine the 
detailed chemical characteristics of the veneers. Results from 
spectrophotometric analysis revealed a significant increase in lightness 
(L*) and a decrease in yellowness (b*) in the veneer produced from a log 
soaked at 70 °C in short-term. Conversely, the effect of long-term storage 
resulted in a significant reduction in L* and an increase in b*. Chemical 
analyses of the veneer extract identified a moderate negative correlation 
between soluble proanthocyanidins content and treatment temperature. A 
higher amount of wood extractives, such as lipophilic extractives, free 
monosaccharides, and other organic substances, were obtained from 
wood material soaked at 70 °C than at 20 °C, which was most likely due 
to moderate chemical changes during treatment. Comparison of the 
results between dried veneers and wet veneers from the water extraction 
study revealed that the dried veneers had higher amounts of lipophilic 
matter and less water-soluble organic matter than the wet veneers. Other 
aspects of the loss of soluble proanthocyanidins in the birch veneer during 
plywood manufacturing are discussed. 
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INTRODUCTION 
 

In industrial veneer production, it is common to soak logs at elevated temperature 

prior to peeling. This hydrothermal pre-treatment is carried out to soften the log and to ease 

the cutting during the peeling process (Mayer and Koch 2007). The chemistry of the color 

changes affecting silver birch (Betula pendula) during industrial veneer manufacturing, 

especially those resulting from the soaking and drying processes, have been the subject of 

intensive investigation for more than a decade (Luostarinen et al. 2002; Luostarinen and 

Möttönen 2004; Hiltunen et al. 2006, 2008; Rohumaa et al. 2007, 2008).  In practice, 

soaking takes place at temperatures between 20 and 40 °C for 8 to 40 h, although 

occasionally a temperature of 70 °C is used; this is similar to the conditions used in the 

conventional drying of veneer in parquet production (Jokela and Keskitalo 1999; 

Luostarinen et al. 2002; Rohumaa et al. 2014). A significant difference between the 

soaking and drying processes, however, is the presence of water.  

The surface color of veneer is generated by a combination of many factors, mostly 

the depletion of oxygen and the concentration of wood extractives such as tannins 

(Schramm 2003). During the conventional drying of birch, discoloration occurs inside the 

board, which is thought to be due to seasonal variations in birch extractive content and the 
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polymerization of proanthocyanidins (condensed tannins) (Luostarinen and Luostarinen 

2001). Anatomical analyses have revealed that once phenolics contained in axial and 

terminal parenchyma cells are exposed to air at the temperature of drying, these phenolics 

become darkened and form a thin layer on the surface of the cell walls (Luostarinen 2006).  

As for other parameters, the felling season affects the degree of discoloration of 

birch wood during the drying process. Winter felling leads to minimal discoloration of 

birch wood during drying (Luostarinen et al. 2002). Additionally, the characteristics of the 

growing site also affect the wood surface color (Luostarinen et al. 2002). To a certain 

extent, discoloration can be controlled by selecting the right felling season, the growth site, 

the storage period, and the drying method (Kreber and Byrne 1994), all of which affect the 

wood extractives content. Furthermore, phenolics ((+)-catechin and (+)-catechin-7-O-β-D-

xylopyranoside) and saccharides (D-(+)-xylose, D-(-)-fructose, D-(+)-glucose, sucrose, 

maltose, and raffinose) in the xylem of silver birch can vary (Mononen et al. 2004). Brauns’ 

lignin, a phenolic polymer, is suspected to play an important role in the discoloration of 

birch wood during the drying process (Hiltunen et al. 2008). Higher concentrations of 

Brauns’ lignin and low-molecular weight phenols have been found on discolored birch 

surfaces compared to lighter colored areas (Hiltunen et al. 2008). Proanthocyanidins, 

which are flavonoid-based polyphenolics consisting of the flavan-3-ols(-)-epicatechin and 

(+)-catechin, are also considered to play a major role in the color change of birch that 

occurs during the drying process (Luostarinen and Möttönen 2004). The degree of 

discoloration also varies according to whether conventional or vacuum drying is used; in 

the former case, oxygen will be present, whilst in the latter, it will not (Luostarinen and 

Möttönen 2004).   

Work done by Rohumaa et al. (2014) has shown that soaking temperature affects 

the colorimetric and physical properties of birch veneer surfaces, as well as its bonding 

performance. However, a detailed quantitative analysis of the effects of soaking on the 

chemical and physical changes that birch veneer surfaces undergo is lacking. This study 

has therefore specifically focused on colorimetric and chemical changes that occur on the 

veneer surface to determine in more detail how soaking affects surface color. To support 

this focus, water extraction was conducted on the veneer and the extracts were analyzed to 

determine the elutable substances from the veneer surface.  

 
 
EXPERIMENTAL 
 

Materials 
Veneer preparation 

 Logs, approximately 130 m long, were cut from birch (Betula pendula) stems 

collected from a forest in Finland in autumn. The logs were heated to 20, 40, 50 or 70 °C 

by completely immersing them in a water tank containing ca. 1500 L of tap water heated 

to the appropriate temperature. Further details about the log history and the soaking 

conditions are reported by Yamamoto et al. (2013) in a previous study, in which the same 

materials were used.  

After soaking, the logs were peeled on an industrial-scale rotary lathe (Model 

3HV66; Raute Oyj, Lahti, Finland). Specimens (ca. 12 cm × 7 cm × 1 mm) were cut from 

the inner part of the birch veneer freshly produced on the lathe and randomly selected for 

further analysis. 
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Methods 
Color measurement 

The color of the intact veneer surface was measured immediately after peeling 

(short term) as well as after a 6 month of storage (long term) using a spectrophotometer 

(Spectrolino, Gretag-Macbeth AG, Regensdorf, Switzerland). The measurement time was 

initiated right after peeling of the log. To minimize measurement errors, earlywood 

specimens were intentionally chosen for the measurements. The area of measurement on 

the veneer surface was precisely marked with a permanent marker during the first 

measurement; thereafter, the measurements were always carried out on the same area of 

each veneer sample (n=10). The measurement was conducted in a laboratory room at room 

temperature under uniform fluorescent lighting between the measurements at 5 to 1200 

minutes after the sample collection. 

The CIELab space system was used to express the color scale of the veneer surface. 

This scale utilizes three parameters to define the color: 1) the L* scale, which represents 

lightness (0 = black / 100 = white); 2) the a* scale, which represents greenness and redness 

(-60 = green, 60 = red); and 3) the b* scale, which represents blueness and yellowness         

(-60 = blue, 60 = yellow). An absolute color space (which is not device-dependent) can be 

described by CIE XYZ coordiates. CIELab is a nonlinear transformation of CIE XYZ 

coordiances into the color coordinates L*, a* and b* (Hoffmann 2013). The delta values 

(i.e., ∆L*, ∆a* and ∆b*) indicate differences between a standard and a sample in L*, a* 

and b*. The total color difference, ∆E, can be calculated from these parameters as follows: 

 

 ∆𝐸𝑎𝑏 = √(∆𝐿∗)2 + (∆𝑎∗)2 + (∆𝑏∗)2              (1) 

In Eq. 1, ΔEab is a single value that includes the differences between the L*, a*, and b* of 

the sample and the standard (Hunter 2012). ∆Eab was calculated from the mean value of 

the color coordinates L*, a* and b* in each set of samples. These color parameters are 

commonly used for the color measurement of wood surfaces (Luostarinen et al. 2002; 

Mononen et al. 2005; Thompson et al. 2005; Esteves and Pereira 2009; Drouin et al. 2010). 

To assess the effect of long-term storage on veneer surface color, the veneer specimens 

were stored in darkness at room temperature for six months, and then the surface color of 

the specimens was re-measured. 

 

Measurement of UV-vis reflectance spectra 

Two different veneer samples (from logs soaked at 20 and 70 °C) were air-dried, 

and their UV-vis reflectance spectra were measured with a Lambda 15 UV-vis 

spectrophotometer equipped with an integrating sphere (PerkinElmer, Waltham, MA, 

USA). Each reflectance spectrum was the average of nine measurements (20 °C) or five 

measurements (70 °C). The reflectance spectra of the veneer samples were calculated using 

the Kubelka-Munk equation, 

 

k/s = (1 – R∞)2/ 2R∞               (2) 

 

where R∞ is the measured reflectance of a white optical standard (absolute reflection), k is 

the unit absorption coefficient, and s is the unit scattering coefficient (Pandey and Vuorinen 

2008a). 
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Extraction of chemical compounds in veneer 

A set of veneer sheets freshly produced from the soaked logs (20 and 70 °C) was 

stored at -20 °C in a freezer until required (Wet veneer). Another set of veneer sheets was 

conditioned in a controlled environment of 20 °C and 65% RH for more than two weeks 

(Dry veneer). Both sets of veneer were extracted using three different solvents: water, 

acetone-cyclohexane (9:1), and acid methanol.  

For water extraction, veneer specimens (20 mm × 60 mm) were prepared from the 

air-dried veneer sheets using an automatic veneer sample cutter (Adhesive Evaluation 

Systems, Inc., Corvallis, OR, USA). Erlenmeyer flasks (250 mL) served as vessels for the 

water extraction. The specimens were weighed and placed in the flasks. Milli-Q water 

(Direct-Q 3 UV, Millipore, USA) was poured into the flask and its quantity was recorded. 

The necks of the flasks were sealed with Parafilm during extraction to prevent water loss. 

The extraction was conducted on hot plate for 24 h using a magnetic stirrer. The 

temperature was maintained at either 20 or 70 °C continuously. The water sample was 

collected and filtered for further chemical analysis using Whatman® Glass microfiber 

filters (Grade GF/C; 1.2 µm: Whatman plc, UK).   

The gravimetric amount of extractable lipophilic matter was determined by solvent 

extraction. The veneer sample was milled through a Wiley mill with a 1 mm mesh screen. 

The milled sample was extracted with acetone and cyclohexane (9:1) in a Soxhlet apparatus 

for 6 h according to the SCAN test method (SCAN-CM 67:03 (2003)).   

 For determining the soluble proanthocyanidins in the veneer, a milled sample was 

extracted with acid methanol containing a 1% concentration of hydrochloric acid (v/v). 

This solvent is frequently used for the extraction of flavonoid pigments in plants (Harborne 

1973). The extraction was carried out in the same manner as the extraction of extractable 

lipophilic matter (using a Soxhlet extractor for 6 h).  

The amount of soluble proanthocyanidins was determined against a cyanidin 

chloride standard (Luostarinen and Möttönen 2004) using the acid butanol assay detailed 

by Hagerman (2002). The analysis was conducted in triplicate. For the selective 

determination of soluble proanthocyanidins, this method is generally the best assay 

compared to other assays, like the vanillin and the rhodanine assay (Hagerman and Butler 

1989). 

 

Chemical analysis of the water extract  

For the analysis of the water extracts, six free monosaccharide species were 

determined according to the NREL TP-510-42623 method (Sluiter et al. 2008) using high-

performance anion exchange chromatography with pulsed amperometric detection 

(HPAEC-PAD) equipped with a CarboPac PA20 column (ICS-3000; Dionex Corp., 

Sunnyvale, CA, USA).  

Total organic carbon (TOC), inorganic carbon (IC), and total carbon (TC) in the 

extract were also quantified using a Shimadzu TOC-5000A instrument (Shimadzu Corp., 

Kyoto, Japan). Soluble aromatic compounds were measured with a Shimadzu double-beam 

spectrophotometer (model UV-2550; Shimadzu Corp., Kyoto, Japan) using the absorbance 

at 280 nm and an absorptivity value of 20 L∙g-1∙cm-1 (He and Terashima 1990; Lähdetie et 

al. 2009). 
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RESULTS AND DISCUSSION 
 

The Effect of Soaking Temperature on the Color Change of the Veneer 
Surface 

Figure 1 shows the results obtained from the color measurements made on the 

veneers produced from autumn-felled birch logs. As can be seen, soaking temperature had 

a noticeable effect on the color coordinates of the birch veneer surface. Overall, increasing 

the temperature of soaking made the samples slightly darker (i.e., L* decreased) and more 

reddish (i.e., a* increased), except at 70 °C, at which temperature L* increased drastically 

and b* decreased. The increase in L* was pronounced after 1200 min. At 70 °C, the b* 

value decreased to a lesser extent compared to the decrease at the other temperatures. It is 

reasonable to assume that the color change in the veneer produced from 70 °C soaking 

resulted from the thermal degradation of chromophoric groups on the surfaces. A 

comparison of ∆Eab (color difference) values in the veneer soaked at the four different 

temperatures is shown in Fig. 1d. Here, ∆Eab indicated how much the color of the surface 

changes over time compared to the color at the beginning of the measurement. There was 

a clear increase in ∆Eab in all specimens and a slight negative correlation between soaking 

temperature and the ∆Eab values over the measurement period. This finding suggested that 

the amount of chromophores might affect the degree of the color change after peeling and 

this phenomenon may be influenced by the soaking temperature. 
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Fig. 1. The effect of veneer soaking temperature on the changes to the color coordinates in birch 
veneer obtained from autumn-felled logs over time: a) L* scale (lightness), b) a* scale (greenness 
and redness), c) b* scale (blueness and yellowness), and d) ∆Eab (the color difference). For the 
∆Eab calculation, the color coordinates at 5 min were used as reference. The time in the figure 
indicates the time elapsed right after peeling. 
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Determination of the Color Stability of Veneer in Long-Term Storage 
A comparison of the color coordinates and ∆Eab after the long-term storage of the 

veneer are shown in Fig. 2. This allowed for the influence of storage time on veneer surface 

color to be distinguished. The veneer samples were first produced from the logs and then 

stored in darkness for six months to eliminate the effects of ultraviolet irradiation. The most 

interesting finding was that, in contrast to the color change trends observed immediately 

after peeling (Fig. 1), the veneer from the log soaked at 70 °C exhibited an increase in the 

L* and a* values, and a reduction in the b* value.  

The color of veneer produced from logs soaked at lower temperatures remained 

similar to the samples that were measured a day after peeling. With regard to ∆Eab, the 

veneer from logs soaked at 70 °C had the highest value, in contrast to the ∆Eab during the 

first 1200 min after peeling (Fig. 1). This observation suggested that soaking at 70 °C may 

result in lighter color on the veneer surface in the short-term, but that the color became 

darker after long-term storage. A comparison of ∆Eab values indicated that the veneer 

surface color was more stable in the short term (Fig. 1d) after soaking at higher temperature 

(70 °C); however, it became more unstable after long-term storage (Fig. 2d). It is known 

that some wood extractives might concentrate on the veneer surface after peeling, which 

may react with iron to form certain compounds, such as ferrous oxide, which makes the 

veneer surface darker (Schramm 2003). It is possible to hypothesize that following soaking 

at 70 °C, certain chromophoric compounds are thermally modified that yield a lighter color 

to the surface in the short-term, but may migrate to the surface and become gradually 

oxidized over time, which results in a larger ∆Eab after six months of aging. 

  

 
Fig. 2. The effect of veneer soaking temperature on the changes to the color coordinates and 
∆Eab between day 1 and six months later (n=8): a) L* scale (lightness), b) a* scale (greenness 
and redness), c) b* scale (blueness and yellowness), and d) ∆Eab (the color difference). The color 
cordinates at day 1 and six months were used for ∆Eab. 
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UV Reflectance Spectra on the Veneer Surfaces 
Figure 3 shows the results obtained by reflectance spectroscopy on the birch veneer 

produced from logs soaked at 20 and 70 °C. The absorption spectra derived from the 

reflectance measurements can be utilized to approximate the amount of chromophores on 

the veneer’s surface (Pandey and Vuorinen 2008b). From these results, the time-dependent 

increase in absorbance in the 200 to 500 nm wavelength range for both veneer samples can 

be seen. The difference spectra can provide information on the characteristics and changes 

in the chromophores in the sample (Chang and Chang 2001); the absorptions at > 300 nm 

are indicative of conjugated structures. Thus, soaking at 20 °C resulted in an increase in 

the content of conjugated structures over time when compared to soaking at 70 °C. Other 

veneer surface analyses using Fourier transform infrared spectroscopy (FTIR) with 

photoacoustic detection (PAS) and attenuated total reflectance (ATR) measurement, as 

well as ultraviolet Raman spectrometry and confocal Raman microscopy, were also 

attempted to obtain additional information about the chemical composition of the veneer 

surface. However, the acquired data from these analyses did not yield any meaningful 

results (data not shown).  

 
Fig. 3. Absorption difference spectra (∆k/s = (k/s)irradiated – (k/s)unirradiated) of veneer from the winter 
birch logs soaked at 20 °C and 70 °C for 48 h. Spectra obtained from UV-vis reflectance 
measurements.   

 

Soluble Proanthocyanidins Content in the Veneer and the Veneer Surface 
Color 

An acid butanol assay was employed to determine the concentrations of soluble 

proanthocyanidins in the milled samples. A remarkable reduction in the soluble 

proanthocyanidins content occurred during the soaking at 70 °C, as shown in Fig. 4. 

Compared to soaking at 20 °C, the soluble proanthocyanidins contents were 10.9% and 

63.3% less after soaking at 50 and 70 °C, respectively. The modest positive correlation 

observed between the soluble proanthocyanidins content and the ∆Eab value may be 

attributed to the fact that higher soaking temperatures resulted in a lower soluble 

proanthocyanidins content, which afforded a lower ∆Eab during a shorter storage time (5 

to 1200 min). This finding supported the results from previous research on the relationship 
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between the surface color of birch wood and proanthocyanidins content (Luostarinen and 

Möttönen 2004). 

Proanthocyanidins have been considered to play a major role in the color change of 

birch wood surfaces (Luostarinen and Möttönen 2004). A higher concentration of total 

proanthocyanidins and catechins has been found in the darker parts of birch wood than in 

the lighter parts (Hiltunen et al. 2008). A correlation between the color coordinates of the 

birch wood surface and the concentration of proanthocyanidins has also been observed: L* 

had a positive correlation, whereas a* and b* had negative correlations (Luostarinen and 

Möttönen 2004).  

Proanthocyanidins are thermolabile compounds and are easily degraded at 70 °C 

and higher. Makkar and Singh (1991) showed that a reduction in the proanthocyanidins 

content occurred in in plants when they were heated at 60 °C for 48 h. A greater reduction 

was observed at 90 °C for 24 h. It can therefore be assumed that the soluble 

proanthocyanidins might become unstable or be partially degraded during soaking, which 

then influences the veneer’s surface color. The reduction in soluble proanthocyanidins 

content may also play a role in the color stability of the veneer’s surface. Proanthocyanidins 

are also known to be unstable molecules that can undergo spontaneous cleavage of the 

interflavanic bonds under acidic conditions, which results in a change in the degree of 

polymerization. They are also extremely susceptible to oxidation, generally resulting in the 

formation of quinones that condense to form new polymers (Huang et al. 2012). This 

instability of the proanthocyanidins could partially explain the reason why the veneer 

produced from logs soaked at 70 °C in the present study became darker after long-term 

storage (Fig. 2).  
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Fig. 4. Plots of the concentrations of proanthocyanidins (n = 3) versus the ∆Eab (n = 10) 
measured in autumn veneer. The soaking temperature is denoted by the symbols. ∆Eab was 
calculated based on the color coordinates obtained at 5 and 1200 min after the peeling process. 
 

These results could be significant in another respect. Plant phenolics, such as 

proanthocyanidins, are so-called secondary metabolites and are recognized to play a role 

in the plant’s defense against herbivorous insects and various biotic aggressors (e.g., fungi 

and bacteria) (Lattanzio et al. 2012). A reduction in soluble proanthocyanidins content 

during soaking at 70 °C may lead to impaired resistance to biological attack, which results 

in a deterioration in the veneer quality caused by mold or herbivorous insects. 
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Chemical Characteristics of Veneer Surface 
Extractable lipophilic matter and water extracts from the veneer were quantified 

and analyzed to determine the effects of soaking temperature and drying method on the 

chemical characteristics of the veneer surface. The results obtained are presented in Fig. 5. 

It was apparent that a higher soaking temperature (70 °C) and a drier veneer resulted in a 

greater amount of extractable lipophilic matter when compared to the lower temperature 

(20 °C) and wetter veneer. The content of lipophilic substances obtained in this study were 

higher than the general amount of extractable lipophilic matter in birch (1.3%) mentioned 

in the standard method (PFI 2003). This was probably due to the additional soaking 

treatment. It has been found that soaking at 70 °C promotes water extraction and possible 

chemical degradation in wood due to a combination of hemicellulose degradation and 

physical changes in the wood cell wall (Yamamoto et al. 2015). 

 
Fig. 5. Gravimetric determination of the solvent extracts from veneer samples. A combination of 
acetone and cyclohexane (9:1) was used as the solvent. 

 

Water extraction was performed on the veneers produced from the logs soaked at 

either 20 or 70 °C. Chemical analyses were carried out on the water extracts, and the results 

were compared. The results showed that the free monosaccharides were mostly fructose 

and glucose, which supported the findings of previous research (Fig. 6a) (Kallio and 

Ahtonen 1987; Yamamoto et al. 2013). The proportion of saccharides to the total organic 

carbon and the total carbon concentration was higher in veneer produced from logs soaked 

at 70 °C rather than at 20 °C, in hot water rather than cold water, and in wet veneer rather 

than dry veneer. The results from the soluble aromatic content assay showed a similar trend 

relative to the total carbon concentration. The highest content was obtained from the wet 

veneers (hot water extract) produced from logs soaked at 70 °C (Fig. 6b).  It is interesting 

to note that more extractable lipophilic matter and less water-soluble substances were 

obtained from the dry veneer than the wet veneer (Fig. 5 and Fig. 6a). This result may be 

explained by the fact that better penetration of water occurred in the wet sample and the 

solvent in the dry samples. These findings suggested that the drying process made the 

extractable lipophilic matter in the milled sample more accessible to solvent extrations. 
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Fig. 6. Fraction of TOC and monosaccharides (a), soluble aromatic contents (b), and pH in the 
water extracts (c). Extraction is described as either HW (hot water) or CW (cold water). Negligible 
amounts of arabinose were found in the 70 °C wet veneer (hot water). Rhamnose was not 
detected in samples. 

 

Although the concentration of proanthocyanidins was inversely correlated, to some 
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chemical compounds, such as quinones and phenolic compounds (Sjöström 1993), were 

eluted at 70 °C. In addition, an increase in free monosaccharide concentration at the veneer 

surface at 70 °C (Fig. 6a) may support our earlier stated hypothesis that the deterioration 

in veneer quality occurred during high-temperature soaking due to an increased risk for a 

biological attack. Glucose and fructose are essential nutrient sources for fungal growth 

(Brannon 1923).  

A significant reduction in the pH was found for the wet veneers produced from logs 

soaked at 70 °C, which had the highest total carbon concentration (Fig. 6c). This suggested 

that carboxylic acids were formed from birch hemicelluloses during extraction. The 

findings in this study mirrored those of previous studies that have determined the formation 

of carboxylic acids during the hydrothermal treatment of birch wood (Sundqvist et al. 

2006). 

 

 

CONCLUSIONS 
 

1. Elevated soaking temperatures clearly affected both the short-term and long-term color 

of the veneer surface. The differences in color were especially pronounced when the 

veneer was produced from a log soaked at 70 °C. This might be due to possible 

chemical changes occurring during soaking. 

2. High soaking temperature may induce less color change in the veneer during short-term 

storage after peeling; however, the extent of color change that occurred after long-term 

storage, which could be at least partly due to the proanthocyanidins content in veneer, 

was greater. Proanthocyanidins are considered to be thermolabile at temperatues 70 °C 

or higher. 

3. The results from chemical assays suggested that the veneer quality deteriorated during 

long-term storage when the veneer is produced from logs soaked at 70 °C. A reduction 

in the proanthocyanidins content and an increase in the free monosaccharides 

concentration in the veneer may increase its risk to biological attack by fungi and other 

microbes. 
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