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Abstract Extractives can affect vibrational propertiesdtgdamping coefficient) and Eg/(specific Young’s
modulus) but this is highly dependent on speciesppounds, and cellular locations. This paper ingasts
such effects for African PadauRterocarpus soyauxitaub.), a tropical hardwood with high extractieestent
and a preferred material for xylophones. 5 grou6cheartwood specimens with large, yet comparahleges
in vibrational properties were extracted in différsolvents. Changes in vibrational properties vemteagainst
yields of extracts and evaluation of their cellulaecation. Methanol (ME) reached most of compou(i&9s),
located about half in lumen and half in cell-wa\later solubility was extremely low. tarand E’p were very
strongly related (R0.93), but native wood had abnormally low valuestas$, while extraction shifted this
relation towards higher ténvalues. ME extracted heartwood became in agreemwithtthe average of many
species, and close to sapwood. Extractions incdetes® as much as 60%, irrespective of minute moisture
changes or of initial properties. ApparentgEifas barely changed (+2% to -4%) but, after coimgdthe mass
contribution of extracts, was in fact slightly regd (down to -10% for high Ep), and increasingly so for

specimens with low initial values of !/

Keywords: Damping coefficient Extractives; HeartdodPterocarpus soyauxii; Tropical hardwood;

Vibrational properties; Young's modulus
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Introduction

Extractives are amongst the most diversified festwf woods, both in their nature and
their amounts. They can represent only a minutegmrin some woods, while the mean for
tropical hardwoods is of 7.6% total extracts (4 &¥ethanol-benzene extracts), based on 653
species from the CIRAD database (unpublished),iarmbme species they can represent as
much as one third of wood mass, e.g. 35% totalaetdr in Excoecaria parvifolia
Euphorbiaceae (Gérard 1991). Extractives are kntavraffect wood colour, biological
durability or moisture-related properties (e.g. \§a@ard and Granados 1967; Hernandez
2007). On the other hand, their contribution to daeoechanical behaviour is not generally
acknowledged. Notwithstanding, extractives can ateviwood properties from well
established relations, slightly strengthen wood btk 1931), or hamper creep (Ajuong and
Breese 1997).

Particularly pronounced effects of extractives #&oend in the case of vibrational
properties: they can diminish the damping coeffitigard) as much as a 2-fold order in some
tropical Leguminosae Qaesalpinia echinataDalbergia nigra and D. latifolia) or the
softwoodThuja plicata(Sugiyama et al. 1994; Matsunaga et al. 1999; Yarad. 1995; Yano
1994). Though, effects are species-dependant, amgletely opposite effects are found for
sugar extractives of Reedrundo donak (Obataya et al. 1999), or in sapwood Tdfuja
plicata, in contrast with results on heartwood of this eapecies (Yano 1994). Impregnation
of Spruce wood with natural polycyclic molecules aher simple phenolic compounds
(Matsunaga et al. 1999; Minato et al. 1997, 2018kab et al. 1999) demonstrated that
mechanical effects are highly compound dependanhenVextractives are active on
vibrational properties, they principally modify taryet some minor effects are also observed
on specific modulus of elasticity (). However, as extractives contribute to specifavgy
(p), their intrinsic repercussions on g dre difficult to determine.

Extractives can be assimilated to “natural chemioadifications”. In this scope,
rheological analyses (Akitsu et al. 1993) indicttat effects would be dependant on the
properties of compounds, their interactions withod/@olymers, and their location within
wood structure. Cellular localisation of extracsvw@ay be approached by using sequences of
solvents of different polarities and abilities twedl the cell-wall (Morgan and Orsler 1969b).
Yet, as this also depends on time and temperaklioegan and Orsler 1969a; Mantanis et al.
1994, 1995), these indicators should be monitofedd.example through shrinkage due to
extractives’ departure.

The bright red heartwood of African Padadgrocarpus soyauxifaub., Leguminosae-
Papilionoideae), has a high hygroscopic stabilggd good natural durability due to its
extractives (Déon et al. 1980). It contains ab@% ¥xtractives, which were abundantly used
as a dye-source in the L %entury. At least 13 compounds were identified infyaof
polyphenolic nature (Surowiec et al. 2004; Cardo®720 This medium-heavy (specific
gravity 0.6-0.9) wood is favoured for xylophone nmak both in modern western manufacture
and in African traditions, as for the slit-drumsttheere used for long-distance transmission of
messages. As very low damping should be of primpomance for xylophones woods
(Aramaki et al. 2007), such predominant uses styosgggest that this species might have
peculiar vibrational properties.

This paper aims at clarifying if, and how far, extives determine the vibrational
properties of this selected tropical hardwood. Thanges in properties caused by extractions
with different solvents are set against calculaion cell-wall and lumen extracts removed,
and their purely mass contribution is taken intocamt. In addition, as interlocked grain is a
common feature of this wood, effects of extractiwese observed on specimens with varying
initial properties.
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Material and methods.

Material & preparation of specimens

Wood material of Pterocarpus soyauxifaub. (one tree from Cameroon) was obtained
from CIRAD sawmill. Two adjacent flat-sawn plankeng selected in medium heartwood for
being the most uniform in colour. Vibrational speens (12x2x150mm RxTxL) were cut
parallel to the main axis of the tree (they showgetin angles of 0° to 25° due to interlocked
grain). The heartwood sampling contains 158 spatsmé smaller (N=18) sampling of
sapwood was added, but its grain angles could eotdtorded.

Vibrational properties

Samples were first dried (in order to reach equiirin adsorption) for 48h at 60°C. All
tests were performed after at least 3 weeks stabin in controlled conditions at 20+1°C
and 65+2%RH. Measurements were made by non-cofutaetd vibrations of free-free bars.
Vibration emission and detection were computer-drivsing a specific development in
Labview® Software and a laser triangulation disptaent sensor (Brémaud 2006).@&wWas
deduced from the first resonant frequency accordimgthe Euler-Bernouilli equation.
Damping coefficient tad was measured both through the ‘quality factor’ ahdough
logarithmic decrement of amplitude after stoppihg excitation. Frequencies were in the
range of 200-400Hz. 3 repetitions were made fohasaecimen and the mean error was <5%.

Extraction procedure

After vibrational measurements in native state, Gtamed groups of 26 heartwood
specimens each were separated: 5 for extraction$ egférence. Groups were defined so that
their ranges in grain angle (0-25°) and in vibnadioproperties were equivalent between them
(mean and variance were not statistically differ@nthe level of 0,001). Sapwood specimens
were not subjected to any extraction.

5 groups were extracted in parallel in the follogvgolvents (technical grade): diethyl ether
(ET, group B); methylene dichloride (MD, group @getone (AC, group D); methanol (ME,
group E); hot water (HW, group F). Samples wereviptesly dried and all extractions used
Soxhlet apparatus. Temperature in the extractioe wwbuld be of 30-60°C for organic
solvents. The time necessary to obtain as completextraction as possible varied from 20h
to 30h. Organic solvents were then rinsed in ethdabbwed by cold distilled water.
Specimens were slowly dried by steps to ‘air-do/awvoid checking or collapse and finally
oven-dried again and submitted to the same comdligp and measurement steps. The
percentage of extractives was calculated both ftieendifferences in oven-dry weight and
from the weighting of residuals, with good congistg between the two. The reference group
was submitted to all conditioning/drying steps, tauho extraction procedure.
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Results and discussion

Yield and location of extractives

The less polar solvents, diethyl-ether (ET) andhylehe-dichloride (MD) reached rather
small amounts of extracts (2.3 and 3.1% of dry-waethht, respectively). Higher quantities
were removed by acetone (AC, 8.8%) and mostly sanbthanol (ME), the most efficient
extraction with a yield of 13.4%. Although extracts from solid are expected not to be fully
exhaustive, overall yields (Fig. 1) are consisteith those on ground wood from Déon et al.
(1980). The very low water-solubility (0.6%) of Radk, an “insoluble” red dye source
(Cardon 2007, Surowiec et al. 2004), is confirmed.

20

[ Parallel extractions on solid wood

(Déon et al 1980) Individual % /

|- === (Déon et al 1980) Cumulated“i/{_‘

P Ni'al B

(Hexane)  ET MD AC ME HW
Solvent
Fig. 1 Extractives removed by the different solvents ¢patage of oven-dry weight of wood) compared with
results of Déon et al. (1980)

-
8]

Dry weight loss (%)

Solubility patterns could give a first idea of tbellular location of removed extractives:
low polarity solvents (ET and MD) should attain rtipsumen deposits, while AC, ME and
HW can swell the cell wall and reach compounds tetainside. Though, our parallel
extraction procedure means that lumen compoundstéir@resent in the wood subjected to
polar solvents. In addition, the swelling capa@fyET and MD is not strictly zero and the
swelling by different solvents depends on the tneait time and conditions (Morgan and
Orsler 1969ab, Mantanis et al. 1994, 1995). Thhesnodifications in oven-dry volume could
bring useful additional information. The proportioh cell-wall compounds retrieved by a
given extraction could be approached by:

E — AVOex'[ X SGE X Vng (1)

CcwW

E

Where:

E.w. Proportion of cell-wall extractives from totakyd of a treatment;

AVgex Diminution (in cnf) of oven-dry volume of wood;

We: Weight (g) of removed extractives;

SGe: Density (in g cri?) of extractives;

VR=(Veew 4Voey: Ratio between volume of wall-located-extracts oged, and
diminution of macroscopic oven-dry volume.

The last two parameters are not known but we cagklime, as does Chafe (1987), the
mean experimental values 3G =~ 1.4 andVR« ~ 0.9 obtained by Kuo and Arganbright
(1980). Estimated percentage of cell-wall compougets smaller when assuming lower
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densities of extracts and/or smaller volume raifog. 2a), but estimations using different sets
of plausible values are not statistically differenicept for Methanol (shown on Fig. 2a).
Percentages, calculated with the above mean vadfiestracts (dry-wood basis) removed by
each solvent from cell-walls and from lumens areashon Fig. 2b.

100% 14%
m = - =
£ (a) . (SGe=1.4; VRex=0.9) b
T 80% 3"
S 4SCE=t4 | S10%
T 60% o= 2 gy || el Wal
O = (@) °
— SSGE _1'4 - ULumen
-~ VRex=1 » 6%
= 40%| =
g mSGE=1.3 o .
. VRex=09 | & 4%
T 20% a .
O B SGE=1.3 o 2% T
© VRex=1 © v
S 0% 0% ‘ ‘ . — ot

ET MD AC ME HW

Methanol (ME) extraction ,
Solvents applied

Fig. 2 (a)proportion of cell-wall extractives from total rhanol extracts, calculated with different assumygio
about specific gravity of extractiv€s and volume rati?/R.y; (b) estimated percentages of lumen and cell-
wall extracts removed by each solvent (oven-driwveakvood basis)

As expected, the proportion of cell-wall extractzswery low for ET. But it reached more
than 50% for MD which is a rather low-polarity seht. Acetone retrieved a bit more cell-
wall compounds (2.8%), and mostly a good quantiomf lumen (6.0%), which is much
higher than the sum of those removed by ET and Whis was also observed with ME and
suggests that lumen deposits in Padauk are moublsoin medium-high polarity organic
solvents (but not water), than in lower polarityvents. ME reached about half cell-wall and
half lumen compounds.

Specific modulus and damping for native and exé@etood

The relationship between @&mand E’p was equally strong for native and extracted wood
(Fig. 3), with coefficients of determination R? @093 to 0.97. All native groups followed a
single trend and after extractions still followedrand of similar shape and range ofpE’/
Removal of extractives clearly resulted in a vaitishift of the relation towards higher
damping coefficients (groups C to F). Group B wtkelaffected, but a slight diminution of
damping may be noticed over the lower range op.EAfter the most efficient (ME)
extraction, treated wood came close to the “statidaglationship that Ono and Norimoto
(1983) obtained on woods with varying microfibnidagrain angles. Yet, as this is a statistical
relation on several species, Padauk sapwood wasldkest reference of similar polymeric
composition and microstructure, but with much lessactives. It came close to the standard
trend or with a bit higher damping. ME extracteaiteood still remained a bit under the
damping of sapwood or of the standard: extractimmf solid wood may not be fully
exhaustive, as samples retained a shade of thedtiiae reddish hue of Padauk. Also, some
“extractives” can only be removed by harsher pracesl such as alkaline extraction (Lange
and Faix 1999, Surowiec et al. 2004).
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Fig. 3 Damping coefficient and specific Young’s modulas fiative and extracted woods

Modifications of damping coefficient

The variations in damping coefficient tanafter extractions are set against the
corresponding amounts of extracts on Fig. 4.

Extraction in the most apolar solvent ET inducedrlyeno change in tan as it mostly
removed lumen compounds, this seems to confirm ¢edtwall location is a necessary
condition for extracts to be able to diminish woasdcosity. Apart from ET, all extractions
markedly increased tdanThe removal of about 1.8% and 2.8% of cell-watractives by MD
and AC, respectively, induced mean increases i @d19% and 36%. These quantity/effect
ratios are close to those for haematoxylin imprégnaof wood (Minato et al. 1997,
Matsunaga et al. 1999). ME removed most of bothelurand cell wall compounds and
increased tahof circa 60%. Damping increased of about 4.7%18értotal extracts (or 9%
per 1% cell-wall) removed by ME on Padauk, thisimsilar to Dalbergia nigrabut at least
twice more efficient than fdD. latifolia or Thuja plicata(Yano 1994; Yano et al. 1995).

Hot-water induced quite an important change (13@oJard despite its very low yield.
Perhaps, hemicelluloses might also have been affebut the temperature was below 90°C
and wood equilibrium moisture content barely chandeossibly, changes in damping after
HW treatment may mostly result from the effectstioé small amount of water-soluble
extracts. Such extractives — barely coloured — didnd of a different chemical nature than
those — of a deep brick-red — removed by orgariests. Padauk water solubility is opposite
to that of Pernambuc&@esalpinia echinadafor which extractives strongly diminishing tan
are mostly water-soluble (Sugiyama et al. 1994} dganping of both woods is equally very
low, which suggests that polarity of extractablenpounds is not a key factor concerning
their effect on mechanical properties.

Extractives can also affect the equilibrium moistaontent (EMC) of wood, which affects
tam. To observe EMC variations after extraction, it mbe corrected for the initial and
remaining extractive content (Hernandez 2007a). EME&S little affected by ET, MD, AC
and HW extractions (from -0.14 to +0.16% or relaixanges of -1.5 to +1.8 %/%) and a bit
more by ME (+0.82% absolute, or +9.1%/% relativaateaon). These variations (at 20°C and
65% RH) were moderate, as extractives mostly afldC over the higher range of RH
(Wangaard and Granados 1967). According to Obaghya. (1998, 2001) the changes in
EMC after ET, MD, AC and HW extractions would inéuno more than 1-2% change in

6
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tamd, and could reach about 6% for ME. Thus, MD, AC &\ increased tanof Padauk
wood independently of minor moisture changes, alideMtraction strongly increased &aoy
itself and through a smaller additional effect tuenoisture change.

80
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o ME
o HW

2 ETow
4 MDow
v ACcow
7z MEcw

-10

0 5 10 15
% extractives removed (oven-dry wood basis)

Fig. 4 Variation in damping coefficient plotted agairtst {percentage removed by each solvent: total éstrac
(open symbols) and estimated cell-wall extractsctieed symbols). Points are the mean, and errorthars
standard deviation, for each group (N=26)

Modifications of Specific Young’s Modulus

Specific modulus (EfY) requires to be corrected to take into accountcth@ribution of
extractives to specific gravity, and its modificets after extraction:

Plec \PJn Pxmax

Where subscripts C and A mean, respectively, ctadeand apparent values for native
wood or any treatment, anglmaxiS Specific gravity after the most efficient extiian (ME).
All native groups had a specific gravity of 0.7638. and ME extracted wood of 0.70+0.02.
Apparent E’p of native wood was under evaluated by 0.7 to 1BaGs compared to
corrected values (table 1). Though, the contributibaxtractives’ mass to apparentdgHhad
very little influence on the exceptionally low daimg of the relationship for native wood

(Fig. 5).

Table 1: Ranges in vibrational properties for goBpto F before and after extraction.

E'/p corrected (Gpa)

Group — Ext}r/?eclgves E'/p apparent (Gpe tand (%o)

Extraction (%) Native Extracted Native Extracted
B— ET 2.3 se 4 82189 44-98  47-100
C— MD 3.1 58-20 18-102 45-96  54-112
D— AC 8.8 58-196 15-183 46-96  60-128
E— ME 13.4 ga-py  19-lS 46-97  7.0-152
F— HW 0.6 ST A 8 18S 46-97  53-108
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Fig. 5 Relationship between damping and specific modw@pparent and corrected values for native wood, and
properties after exhaustive extraction
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Fig. 6 Variations in vibrational properties after extiantplotted against values for untreated wo@jichanges
in specific modulus (corrected for extractives’ sjafh) changes in damping coefficient

Corrected specific modulus k’/was decreased after all extractions (table 1). The
amplitudes of its relative variations clearly depeshdon the initial Ep of untreated
specimens (Fig. 6a), but were usually much smalem those in tai which were
independent of initial values (Fig. 6b). As theigions in native properties are related to the
orientation of wood elements (grain and/or microl) this indicates that extractives effects
on tard little depended on wood orientation, while thdfeets on E’p got bigger with angle
deviations. An increase of radial E'fs also obtained when impregnating spruce wooll wit
Padauk’s extractives (Minato et al. 2007). Thisgasgs that extractable compounds played a
role in reinforcing the matrix substance of celllwdecreasing its viscosity and increasing a
bit its rigidity.

In addition, changes in Fp/after AC or ME extractions were close, while MEnved
twice more cell-wall compounds and resulted in aimiigher increase in tan Mechanisms
of modifications of these two properties by extraet may be different, and bulking seems of
secondary importance.

A few other works report a stiffening of the celéllvby some extractives, mainly of
polyphenolic nature. Hypotheses about their medmasiof action include the ability to
establish strong networks of weak chemical bondlh wbod polymers (Ajuong and Breeze
1997), or the rigidity of molecular structures (B&a and Pizzi 1986), or the addition of both

8
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phenomena (Sakai et al. 1999). In the future, cbalnainalyses and comparison, over several
species and researches, of the molecular featuresxtoactives active on vibrational
properties would help to clarify the respectiveesodf these different parameters.

Conclusion

We investigated the variations in vibrational pmtigs of African Padauk after removal of
extractives in different solvents, while takingargccount estimations of cellular location and
mass contribution of extractives. Results wereoliew:

= Apolar diethylether (ET) merely removed lumen-estsa while methylene-
dichloride significantly reached cell-wall. Methdr{ME) removed about as much
of cell-wall and of lumen extracts, and most of paunds retrieved by less polar
solvents. The very low water-solubility of Padau&saconfirmed.

= Damping coefficient (tad) of Padauk was exceptionally low. It was very sty
related to specific modulus (), and extractives’ removal shifted the relation
towards higher tah ME extracted wood became close to the averagenamy
species, and to sapwood.

= tard was increased by as much as 60% for 13% extrabtsu{ 6% from cell-wall)
removed by ME. Changes in tanvere independent both of slight changes in
moisture content, and of untreated properties.

= E'/p was apparently barely modified, but when corrertime mass contribution of
extractives it was diminished by extractions: oslightly (< -10%) for specimens
with high initial values, but increasingly so féwose with lower untreated R'(i.e.
with grain angle).

Padauk extracts were found to be responsible fer exceptionally low damping
coefficient, and thus contribute in making this Wamell-suited to xylophone uses. They also
have a moderate but significant effect on stiffgnimood, depending on orientation, which
needs to be further analyzed. Our results tenamdiren that cell-wall location is a necessary
condition for extractives to affect vibrational pespes. It is also suggested that cellular
location of extracts should be monitored on a dasease basis in studies about extractives’
effects.
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