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Abstract

In this study, investigation is focused on the soluble part of oak heartwood colour, with the objective of defining its
impact on the colour of spirits after a barrel ageing. Colour is an important parameter for estimating the quality of
many beverages and food items. Acetone with 30% water permitted a fast and complete extraction of the soluble col-
ouring matter of heartwood. Water is necessary to improve the extraction of wood fibres by hydration. In heartwood,
the repartition of colour is heterogeneous. The outer heartwood, which is new wood, presents a lower soluble colour
than the inner heartwood, which is older. This difference is due to the polymerisation by oxidation of the ellagitannins
during the natural process of wood ageing and the copolymerisation of cell-wall polymers as polysaccharides.
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Introduction

Colour represents the first contact with a material. Gen-
erally, the importance of colour in the quality evaluation
of many products is acknowledged. Concerning the par-
ticular issue of oak, the colour of the wood has a direct
influence on the evaluation of its quality and price [1-4].
For wine or spirits ageing, oak wood is often used for
making barrels [5]. During storage, a part of the colour-
ing matter is solubilised and impacts the colour of the
beverage [6]. Knowledge of the compounds responsible
for wood colour and its chromatic properties are of inter-
est; however, despite the importance of the subject, very
few studies on it have been conducted.

Originally, wood colour was thought to be an accident
caused by the development of microorganisms on liv-
ing trees, oxidative reactions or reactions of metal on
cut trees [7]. Polyphenols, specifically tannins, have a
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key role on wood colour evolution through oxidative
chemical or biochemical reactions [8]. However, oak
also presents a natural colour, which is clear and light in
sapwood and dense and dark in heartwood. The colour
gradually changes in the heartwood from a clear yellow
to a reddish-brown as a function of wood age; therefore,
wood from young trees have lighter colour than wood
from older trees [9]. The intensity and nature of the col-
our cannot be totally explained by the concentration of
polyphenols and ellagitannins [10]. The situation is com-
plex and involves the chemistry of ellagitannins in oak
wood as the tree ages. During the sapwood-heartwood
transition (duraminisation), the wood accumulates large
amounts of water-soluble extract that correspond to the
amount of polyphenols, specifically ellagitannins [11,
12]. In the second step of the heartwood ageing process,
the ellagitannin contents decrease regularly while ellagic
acid increases with hydrolysis reactions; however, in the
first 20 years of ageing, the dimeric ellagitannins increase
transitorily [12]. Apart from hydrolysis, the decrease in
ellagitannins is also due to polymerisation [12] and insol-
ubilisation of ellagitannins [11].

©The Author(s) 2020. This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material

in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material
is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativeco

mmons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s10086-020-01866-3&domain=pdf

Vivas et al. J Wood Sci (2020) 66:21

Soluble oak wood colour is less well documented. The
compounds responsible for the darker colour of old
heartwood are due to the presence of coloured extrac-
tives [13]. The cold-water-soluble fractional decrease
from recent to old heartwood colour is from lightness to
redder and yellower. The main part of the soluble form of
colour can be found by applying gel permeation chroma-
tography of the dry acetone—water oak extract to poly-
meric ellagitannins with an average Mr of 4000 Da [13].
More recently, an attempt to partially characterise the
coloured soluble polymeric ellagitannins from oak was
published [14]. The polymeric chromophores presented
the same colour as described in previously cited articles,
with an average Mr of 27004375 Da. The formation is
probably due to oxidation by Fenton’s radical oxidation
during heartwood ageing. Using in vitro conditions, a
synthetic coloured soluble polymeric ellagitannin are
reproduced by oxidation and confirmed the origin of the
natural polymers formed in the wood.

In this study, the colour characteristics and intensity of
extractable oak wood polymers and the solubility prop-
erties and solvent composition is presented as well as a
clarification of oak wood soluble colour definition.

Materials and methods

Standard products

Solvents and chemicals were supplied by Sigma-Aldrich™
(Saint-Quentin Fallavier, FR), and ethanol was supplied
by VWR Chemicals™ (Dublin, IR). Both gallic acid and
ellagic acid were supplied by Acros™ (New Jersey, US);
castalagin and vescalagin were purified from Q. robur
heartwood under conditions described by Vivas et al.
[15]; castalin and vescalin were produced in vitro with
previously purified castalagin and vescalagin as described
by Vivas et al. [16]; and dimeric ellagitannins were iso-
lated with the procedure of Scalbert et al. [17].

Plant material

The oak samples contained Quercus petraea and
Quercus robur heartwood that was approximately 175
and 130 years old, respectively, from the homogeneous
and appropriately maintained centre of France’s forest
compartments. Only the first quarter of the trunk, the
cooperage grade timber, was used for the study. A vis-
ual evaluation of the colour allowed for the elimination
of the sapwood (the first 25 rings) and the collection of
the outer heartwood (30 to 75 rings) and the inner heart-
wood (75 to 120 for Q. robur and 75 to 165 rings for Q.
petraea). We rejected the sapwood—heartwood transi-
tion (the first 26 to 29 rings) and the heart of the trees
(121 to 130 and 166 to 175 rings for Q. robur and Q. pet-
raea, respectively). The wood was chopped and natu-
rally dried for 24 months. Different samples were planed
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and then crushed to sawdust in liquid nitrogen before
being strained to keep only the particles smaller than a
60-mesh size. The samples were freeze-dried, stored and
analysed within a period of 2 months. Different samples
are collected and represented 100 g of dry wood, each
corresponding to 3 different trees for each species.

Polyphenols and colour extraction

One gramme of sawdust (60 mesh) was extracted with
100 mL of an appropriate solvent or a mixture of solvents
for 12 h at room temperature (20 °C) in the dark and dur-
ing stirring (150 rpm). For the specific experiment on pH
influence, values of pH are measured with a Orion 3 star
and electrode Orion 8107 Numd equipment (Thermo
Scientific, Chelmsford, USA) and adjusted on the differ-
ent solutions by acetic acid (N concentration in water) for
decreasing pH or NaOH for increasing (N concentration
in water). For temperatures essay a drying oven is used
(Thermostatics M 30-750, Memmert GmbH + Co.KG,
Schwabach, Germany). For the fractionation and charac-
terisation of the extractable colour investigation, samples
extraction with an acetone/water (7/3, v/v) mixture is
specifically used. The resulting extract containing poly-
phenols and colour was then filtered through 0.45-pum
membranes and freeze-dried before analysis.

Colour measurements

Absorbance measurements at 420 nm (yellow hue)
were made directly on the extraction solution. All opti-
cal densities made at 420 nm were calculated for 1 g of
dry extract. The spectrophotometer is an Anthelie Seco-
mam' system (Champigny sur Marne, FR).

The CIE L* a* b* chromatic characteristics were
measured on a CIELAB Konica Minolta 508" apparatus
(Carriéres-sur-Seine, FR). C* the saturation and 4* the
hue angle obtained by calculation: C*= (a*>+ 5**)!/? and
h*=atan b*/a*.

Colour analysis is conduced in triplicates for each 3
different trees for each species. Average variability (3
trees x 3 measures) represented 9% for colour param-
eters CIE L* a* b*and 12% for O.D. 420 nm.

Phenols estimation

To determine the total polyphenols index, the absorbance
of water-diluted sample extracts is recorded at 280 nm
[18]. Correct dilution are estimated for a final maximum
absorbance lower than 1.5. After correction of the dilu-
tion, results were expressed as optical density per g of dry
wood.
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Fractionation and analysis of extractable heartwood
polyphenols and colour

A two-step procedure for the fractionation of the extract-
able inner and outer heartwood colour is applied. Pre-
fractionation of the total freeze-dried acetone/water
extract by low-pressure chromatography was performed
on a Sephadex LH-20-100 column (20 x 2 c¢m, flow rate
3.5 mL, detection 280 nm for phenols and 420 nm for the
colour). 3 fractions were obtained as follows: Fraction I,
by water elution; fraction II, by 30% vol. MeOH; and frac-
tion III by 100% vol. MeOH. The characterisation of the
molecular weight and the identification of the main com-
pounds were determined by the size-exclusion chroma-
tography (SEC) of the acetylated fraction. Freeze-dried
fractions I, II, and III of 10 mg each were acetylated with
pyridine—acetic anhydride (1/1, v/v) for 3 days at room
temperature. The precipitate was obtained by pouring
the mixture into cooled water and recovered by centrif-
ugation; it was then washed with distilled water, MeOH
and finally chloroform. The precipitate was dried and
dissolved in 0.5 mL tetrahydrofuran (THF) and filtered
before the SEC analysis. The SEC analysis was performed
as described by Vivas et al. [14] using a Thermo Quest'
instrument equipped with three columns (300 x 7.8 mm,
TSK™ Gel 1000 HXL, 2000 HXL and 2500 HXL in
series), calibration curve was obtained with polystyrene
standards and as eluent THF. Experiment is conduced for
a triplicate series of oak heartwood, the total variability
of the fractionation method represent+12% for the dry
weight and 7% of the colour measurements.

Partial characterisation of heartwood coloured
polyphenols

Pyrolysis/GC/MS were performed on a ISQ Thermo Sci-
entific’ instrument. Samples (approximately 0.5-0.6 mg)
were placed in the pyrolyzer and duplicate pyrolysis
experiments were carried out at 500 °C. General profiles
for pyrolyzates were obtained using EI-MS. Separation of
the pyrolysis products was achieved using a fused-silica
capillary column: DB-5MS™ (30 m x 0.25 mm i.d x film
thickness 1 pm). Helium was used as the carrier gas at a
nominal flow rate of 1 mL/mn. The injector was at 250 °C
in the splitless mode. The gas chromatography oven was
operated using the following programme: isothermal for
1 min at 40 °C, then raised from 150 °C at 4 °C/min and
raised to 300 °C at 15 °C/min for 5 min. The mass spec-
trometer was set at 70 eV. Different GC peak are identi-
fied by standard sample injection, GCMS library when
spectra are available and comparison with a previous
work [19]. THM/GC/MS were performed with the same
instrument. Tetramethylammonium hydroxide (TMAH,
25% aq., 5 mL) was added to the samples (approximately
0.5-0.6 mg). The gas chromatography oven was operated
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using the following programme: isothermal for 1 mn at
50 °C, then raised from 300 °C at 8 °C/min for 5 mn.

NMR spectra (*H, HSQC and HMBC) of com-
pound were performed at 298 K on a Bruker Avance
IIT 600 MHz spectrometer equipped 5 mm BBI probe
with z-gradient. "TH-NMR (32 scans) experiments was
obtained at 600.16 MHz with chemical shifts reported in
ppm downfield from tetramethylsilane (TMS) as inter-
national standard. NMR sample was prepared by dis-
solving about 10 mg of powder in 500 pL of methanol-d4
(CD30D, D=99.96% Euriso-top).

Results

Heartwood soluble colour and dry extract

To compare the effect of different solvents and mixtures
of solvents on the dry extract and the phenols of heart-
wood extracts, an experiment are conducted (Fig. 1).
Considering the amount of dry product extracted from
the heartwood, the water and acetone—water mixture
provided the best results. Considering the amount of
phenols, mixtures of ethanol-water (9/1), methanol-
water (9/1) and acetone—water (7/3) allowed for higher
phenolic extraction. Diethyl ether extraction produced a
lower dry extract but was richer in phenols. Methanol-
chloroform (8/2) had a lower polarity of solvent—mixture
boundary extraction of the wood extract. Temperatures
of 80 °C for water and 40 °C for ethanol-water or metha-
nol-water (5/5) mixtures improved the dry extract but
had a weaker effect on phenols. For 80 °C dry extract
increasing to 42%, but phenols reach only 12% more, with
some high risk of structure thermodegradation; for 40 °C
on ethanol-water or methanol-water (5/5) dry extract
increasing to 65%, but phenols improve no significantly
to 6%. Increasing the pH from 3—-4 to 8-10 presented a
similar effect but had problems with extract composition
stability; after half hour in room temperature, extracting
solution became brown with precipitation of phenols.
Acetone—water (7/3) presented a good compromise for
dry extract and phenols content.

The colour parameters used on heartwood extracts
measurements are represented firstly by an optical den-
sity at 420 nm, the maximum absorbance of visible range
spectra for heartwood extracts and secondly by the CIE
L*a*b* system (Table 1). The extract solvents and mix-
tures affected the intensity and nature of colour. With
the exception of diethyl ether, water and other mixtures
of solvent extracted a significant amount of heartwood
colour. Using diethyl ether on Q. robur or Q. petraea
extracts presented a lower A420 nm, a higher L* light-
ness and a higher b* yellower than with water and other
solvent mixtures. The acetone—water (7/3) solvent mix-
ture had a darker colour extract with L* near 25+ 1.5%.
The level of ethanol in the solvent mixture affected the



Vivas et al. J Wood Sci (2020) 66:21 Page 4 of 9
]
Dry Extract Phenols Index
(mg/g DW) (0.D./g DW)
o
T - T
200 + {_ {_ - 20
w B i
100 + = 10
Water ~ Ethanol  Ethanol  Ethanol Methanol Methanol Methanol Acetone diethyl
water water water water water Chloroform Water  ether
(5/5) (9/1)  (9.99/0.01) (9/1) (9.99/0.01) (8/2) (713)
Fig. 1 Dry extract and phenols index measured on several solvents and solvents mixtures of Q. robur heartwood. Extraction of 1 g/100 mL of
solution, 60 mesh sawdust, at room temperature, in dark. Results expressed the average of triplicate measure per gramme of dry wood

Table 1 Colour parameters of Q. robur and Q. petraea heartwood extracts. Incidence of different solvents or mixtures

of solvents

Q. robur Q. petraea

A:ZO L*b a*b b*b C*b h*b Aizo L*b a*b b*b C*b h*b
Water 36 46.6 6.3 21.1 220 13 35 495 54 19.2 199 13
Ethanol-water (5/5) 4.1 42.0 7.1 235 24.5 13 39 46.7 6.8 226 236 13
Ethanol-water (9/1) 4.7 376 10.1 249 26.8 1.2 49 324 104 26.5 284 1.2
Methanol-water (9/1) 46 38.2 9.8 252 270 1.2 4.5 31.8 10.1 243 263 1.2
Acetone-water (7/3) 5.7 273 52 115 126 1.1 56 258 6.2 132 14.6 1.1
Diethyl ether 22 614 34 294 296 14 26 58.7 2.6 28.7 28.8 15

Extraction of 1 g of dry wood for 100 mL of liquid, at room temperature and dark
2 0.D. at 420 nm, value calculated for 1 g of dry extract

b CIE L*, a*, b* measures and calculated parameters with a*, b* chromaticity coordinates C* and h*

red part of the colour more (2% than the yellow (b*) and
the lightness (L*); the percentage of variation between
the pure water and the ethanol/water (9/1) are 60% for a*,
18% for b* and 19% for L* for Q. robur and 92%, 26% and
34% for Q. petraea.

For the extractable colour study, the acetone/water
extraction of the heartwood sample presented a good
compromise in terms of the quantities of dry extract,
polyphenols and colouring compounds concentration.

Fractionation and characterisation of extracted colour

A study of the fraction obtained after a two-step sequen-
tial isolation permitted to characterise the composi-
tion of colour extracted from oak heartwood. In the
first step, low-pressure chromatography on the Sepha-
dex with a series of elutions (water, 30% MeOH, 100%
MeOH) obtained 3 fractions. In the second step, the use
of high-performance size-exclusion chromatography
with TSkgel® G2000 in the solid phase allowed to obtain
the precise composition in accordance with the weight
of compounds in acetylated form. An example of this
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Fig. 2 Example of fractionation of and characterisation of extractable oak heartwood colour. Firstly pre-fractionation is obtained by low-pressure
chromatography on Sephadex LH20-100 column (20 x 2 cm, flow rate, 3.5 mL/mn, detection 280 nm for phenols and 420 nm for colour) of oak
acetone/water (7/3) extract (1 g of dry wood/100 mL solvent). Fraction | was obtained by water elution, fraction Il, by 30% MeOH and Fraction IlI
by 100% MeOH solvent. a Inner heartwood, b outer heartwood. Secondly each pre-fraction are analysed after acetylation by high-performance
size-exclusion chromatography (TSK G2000 PW column, 30 x 7.5 cm, solvent, MeOH + 1% H;PO,, flow rate 0.6 mL/mn, column calibrated by
gallic acid G, ellagic acid E, castalin, castalagin, roburin D and grandinin). S: vescalin, castalin; M: monomer ellagitannins; D: dimer ellagitannins; P:
polymeric ellagitannins. * Retentate measured by difference between Fr. |, Il Il and total quantity of dry extract deposited on Sephadex column

procedure is shown in Fig. 2. The inner heartwood pre-
sented a lower quantity of products with the majority of
fraction III eluted with pure MeOH containing the main
part of the colouring material. For the outer heartwood,
the extract was richer in fractions I and II, as opposed to
the inner heartwood. The second step of fractionation
permitted us to determine the composition of the frac-
tions. Fraction I, with water elution, presented low weight
phenols such as gallic acid, castalin and vescalin and a
limited amount of monomer ellagitannins (castalagin and
vescalagin). Fraction II, with a 30% MeOH elution, pre-
sented both monomer and dimer ellagitannins. Fraction
III, with a 100% MeOH elution, presented low polarity
phenols as ellagic acid and a polymeric form of ellagitan-
nins. The third fraction contained a concentrate of the
main part of the colouring compounds of the heartwood
extract. The elution of the total extract deposited in the
Sephadex column was never complete; the higher poly-
mer, with strong brown colour, was retained on the first

2 cm of gel. The retentate represented 12.6% of the outer
heartwood and 28.8% for inner heartwood.

During duraminisation, the ageing of the heartwood
contributes to the decrease in the acetone/water extract
due to the insolubilisation of a part of the ellagitannins
polymers [12]. However, in proportion, the inner heart-
wood provided a smaller amount of the extract and a
lower quantity of fraction III; however, it had a higher
colouring intensity than the outer heartwood. Therefore,
soluble oak heartwood colour was attributed to the poly-
meric form of ellagitannins.

The nature of soluble colour and in vitro production

via oxidative reactions

In searching for an eventual link among colouring
ellagitannins polymers, heartwood ageing and oxida-
tion reaction, some specific reactions in vitro were
studied. The influence of oxidation during duramini-
sation was followed by a fresh acetone/water extract
of the outer heartwood of Q. robur, which is richer in



Vivas et al. J Wood Sci (2020) 66:21

Page 6 of 9

Table 2 In vitro model of ellagitannins chemistry during duraminisation process: influence of oxidation (1 vs. 2)%;
influence of association of oxidised ellagitannins and polysaccharides (a vs. b)? (initial extract from acetone/water (7/3,

v/v) extraction of Q. robur outer heartwood)

Dry extract colour

Chromatic values

% 0.D 450nm L* a* b* c* h*
1—Fresh extract
Total 100 0.60 46.6 73 211 223 1.2
a—ellagitannins 704 0.25 37.1 6.3 17.3 184 1.2
b—EP complex 296 035 329 55 179 18.7 1.3
2—Oxidised extract'
Total 100 0.82 39.1 137 34.6 372 12
a—ellagitannins 276 0.20 48.7 8.8 29.1 304 1.3
b—EP complex 724 0.62 25.1 37 29 10.5 12

' 30 days at 20 °C with air exposition in solution: 12% vol. EtOH, 5 g/L tartaric acid, pH 3.5, NaF, 100 mg/L

2 a: soluble in EtOH/water 9/1, b: insoluble in EtHOH/water 9/1

low weight and lightly coloured ellagitannins than the
inner heartwood. After 30 days of oxidation, we com-
pared the colour of the control solution to the oxidised
solution (Table 2, experiments 1 and 2). During oxida-
tion several reactions occurred; one of them concerns
the formation of a copolymer with oxidised polymeric
ellagitannins and polysaccharides (EP). Separation by
selective precipitation is conducted before and after
oxidation: the ellagitannins (soluble in EtOH/water,
9/1) and the ellagitannins—polysaccharides complex
(insoluble in EtOH/water, 9/1). The results are shown in
Table 2 (experiments a and b).

During oxidation, the proportion of the EP complex
remained higher. In this experiment, 29.6% of the EP
complex was in fresh extract, and 72.4% was present
after oxidation. The quantity of ethanol in a 10 to 50%
vol. solution had no effect on the final results; increas-
ing the pH to 4.5 had similar results but earlier, after
only 10 days. After oxidation, the yellow colour meas-
ured at OD 420 nm increased due to the EP complex
contributions to the total colour. The lightness of the
colour was lower for EP and higher for ellagitannins,
probably due to the integration of dark polymeric ella-
gitannins in the EP complex during the oxidation reac-
tion. The total extract after oxidation was redder and
yellower in colour, signifying marked colour saturation
(a*+ b* higher).

The main part of the inner heartwood soluble colour
was explained by oxidation involving polymerisation of
the ellagitannins and a large association with polysac-
charides. The colour formed was lower (light L) with a
mix of red (high a*) and yellow (high b*).

Pyrolysis/GC/MS of Fraction III at 500 °C produced
furanoic derivatives typical of pyrolysis/GC/MS of poly-
saccharides and phenolics with various methoxy and

alkyl substituents typical of GC/MS of lignins (Fig. 3a)
[19]. THM/GC/MS of Fraction II (30% MeOH) and Frac-
tion III (100% MeOH) at 500 °C produced a pyrogram in
which we identified same peaks 1, 2, 3, 4 and 5 typical of
THM/GC/MS of ellagic acid [20]. Example for Fraction
III is presented in Fig. 3b. Finally NMR spectra of Frac-
tion III (*H, HSQC and HMBC) confirmed the presence
of phenolic compounds (hexahydroxydiphenol, HHDP)
and polysaccharides (Table 3) [21].

Discussions

Colour extraction and concentration

Oak heartwood has a natural yellow/brown colour, with a
different intensity of lightness according to age and posi-
tion in the trunk [14]. This property is not limited to oak
wood [22]. Although colour is in relation to polyphenol
extraction, especially ellagitannins [13], other parameters
such as wood structure, anatomy and genetics may also
affect it [10].

Solvents have a strong effect on the efficiency of col-
our extraction. Oak heartwood is rich in water-soluble
extracts [13], but these extracts present heterogeneous
composition with different groups of polymers: polysac-
charides, ellagitannins and part of the low weight lignans
[23]. Because the major origin of colour is from ellagitan-
nins [14], solvent range and mixture on those that can be
extracted quickly with a focus on ellagitannins, mainly
polymeric ellagitannins and the corresponding part of
soluble colour are specifically investigated. Ethanol and
methanol with 10% vol. water were used to quickly obtain
a good dry extract that was rich in polyphenols with dark
yellow colour components. Acetone with 30% vol. water
presented the best compromise with a higher dry extract,
polyphenols index and colourful matter in accord-
ance with previous investigations [11]. For polymeric



Vivas et al. ] Wood Sci (2020) 66:21

Page 7 of 9

MW Nam

Important MS fon (70 eV), m/z (relative intensity

164(100) 149(48) 137(
194(100) 179(15) 167(

3

i,

Relative Abundance

5

304 ’
254

| i ‘.\J' '
“wu ‘J‘

},“M

U,

i /‘ \ L ‘H” “,ﬂ }‘ WJ[LN'

‘w

8
R
(Y, U‘JKA\JM/ WW@J "

T T T T T T
2 4 6 8 10 1

Time (min)

(total ion current)

R R R R R
Time (min)

Fig. 3 Chromatograms of Pyrolysis GC/MS experiments of fraction Il and peaks identification. a Pyr/GC/MS (total ion current) and b: THM/GC/MS

Table3 'H and '3C (HSQC and HMBC) NMR (600 MHz,
298 K) assignments for Fraction lll

THNMR 13C NMR (HSQC Groups and functions
and HMBC()

0<6<25 11<6<57 Alkyl substituents

3<6<55 53<6<101 Sugar rings

63<6<75 102<6< 1682 Phenolics

ellagitannins and the corresponding colour fraction,
water seems to be necessary to improve the extraction,
probably due to wood fibres hydration [24, 25] and the
improvement of polarity of the solvent mixture. Diethyl
ether and MeOH-chloroform, both low polarity sol-
vents, produced limited and lightly coloured dry extract
containing low weight polyphenol.

Maintaining the temperature to 80 °C, as well as raising
the pH to 8-10, improved the rate of extraction but also
by intense degradation, yielded additional colouring mat-
ter not corresponding to those naturally present in heart-
wood (data not shown).

The reliability between the species of Q. robur and Q.
petraea concerning colour parameters are uncertain,
even if the species affected the ellagitannins concentra-
tion [10, 26] and the ellagitannins represent the main
precursor of heartwood colour. At least a part of the dif-
ference can be attributed to the sampling procedure; the
other part could be determined by genetics [10].

Characteristics and evolution of oak heartwood colour
During the heartwood ageing colour change, the colour
becomes darker, redder and yellower, which increases
with tree age [9]. Alongside the natural colour evolution,
some fungal infections promote red—orange [27] and
brown [28] discoloration, as do climatic accidents such as
plain frost [29]. This type of wood must be excluded from
investigations into the natural colour of oak heartwood.

By liquid extraction, such as with efficient solvents or a
mixture of solvents, all heartwood colours are not com-
pletely removed from the wood [13]. The repartition
of soluble colour from heartwood is not constant; the
quantity increases during the ageing of the heartwood
and explains why colour is more abundant in the inner
heartwood than in the outer heartwood [14]. Colour pro-
gressively changes along the heartwood in relation to its
age from light and a weak yellow to darker and brown for
older wood in the middle of the tree. The water solubil-
ity of the extracts and the colour follow the same ten-
dency [13]. A large part of the soluble heartwood colour,
but not all, is due to the polymeric form of ellagitannins.
Further sources of colour exist that are redder than poly-
merised ellagitannins, which are derived from specific
lignans [30].

Similar reactions occurred in Castanea sativa heart-
wood and probably explain its colour [12]. Although
both hydrolysable tannins in woods such as Quercus or
Castanea and condensed tannins in woods such as Jug-
lans, Larix, Pinus or Pseudotsuga have a different chemi-
cal structure of polyphenols, similar relationships have
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been presented to illustrate the wood colouring process
[17, 31, 32]. In Quebracho heartwood, the increase in the
molecular weight of condensed tannins from the outer
heartwood to the inner heartwood is clearly demon-
strated [33]. Furthermore, these types of reactions con-
cern not only tannins but also the general polymerisation
of simple phenolic compounds in polymers of undefined
structure that are highlighted in various conifer woods
[34].

As expected, wood colour is correlated with the dry
extract materials and polyphenols content [22, 31] as well
as the insoluble ellagitannins [11]. Polymerisation dur-
ing ageing is a frequent reaction to promote the colour of
the wood. At the beginning of a reaction, the majority of
formed polymers remain soluble because of their limited
molecular mass. For older heartwood, since polymers
continuously increase in size, the water-soluble fraction
and the soluble colour decrease.

Origin of colour

The soluble colour of the heartwood extract is a result
of the complex reactions of oxidation and the copoly-
merisation with cell-wall polymers as polysaccharides.
This reaction is probably non-enzymatic. The pre-heated
treatment of wood samples (60 °C, 10 h) before extrac-
tion, solubilisation and oxidation in a solution by air
oxygen did not affect the oxidation and polymerisation
of the ellagitannins and the formation of corresponding
colour compounds (data not shown). These reactions,
which are spontaneous in heartwood during the natural
duraminisation process, can be mimicked in an in vitro
solution [14]. The oxidation promoted robust structural
alterations of ellagitannin structure [14]. Using IR spec-
troscopy, we observed a decrease in vibration bands
3500-3200 cm ™! due to the association or linkage of the
OH functions of ellagitannins, the appearance of a sig-
nal at 1715 cm ™! was attributed to the C=C bonds, and
a preponderance of signals occurred in the epoxy struc-
tures (1250 cm ™, 830-890 cm™?). This unsaturated sys-
tem allowed some complicated reactions with several
non-tannin compounds as polysaccharides [35]. Addi-
tional research studies were conducted for investigating
the nature of soluble coloured polyphenolics polymers
found in old heartwood. '"H NMR spectra of polymers
presented specific signals of hexahydroxydiphenol moi-
ety of ellagitannins, as well as specific signals of polysac-
charides. This was then confirmed by the main products
identified in THM/GC/MS and pyrolysis/GC/MS experi-
ments, respectively for ellagitannins and polysaccharides.
Despite in lower quantity, the presence of substantial
pyrolytic derivatives obtained from lignins highlighted
the complexity of the heteropolymers structures. These
different sources of structural information confirmed the
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nature of polymers formed by the heterocondensation of
various compounds, with a major part of ellagitannins
and polysaccharides. This kind of products was well-
reported in previous works [13, 33, 34].

Moreover, the ellagitannins are well-known highly oxi-
dised compounds with consequential biological activ-
ity [36, 37]. Most chemical oxidation and UV light also
impact wood colour through a photodegradation process
[38]. However, this reaction is limited to the exposed
surface and any global influences in heartwood colour
appear weak.

Conclusion

Because colour presents a high interest for presentation
and quality of aged spirits, investigation on colour origin
are justified. In this target, a significant source of heart-
wood colour is elucidated.

Heartwood dry extract present a large part of colour-
ing material and polyphenols. In this fraction, soluble
part of ellagitannins, especially the polymeric forms are
the main components for yellow—brown natural wooden
colour. The proportion of coloured ellagitannins poly-
mers fraction increase during trees heartwood ageing;
due to oxidative reactions. Ethanol is a good solvent for
these polymers, but water are necessary (10 to 30% vol.)
for fibres hydration and improving the quantity of dry
extract, polyphenols as ellagitannins and colour material.

For this consideration, the soluble polymeric ellagitan-
nins possibly participated to a large part of spirit colour
after a casks ageing process.
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